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ABSTRACT

The Arikara Native Americans from the Anton Rygh, Mobridge, Larson and
Leavenworth sites, inhabited the Great Plains of western North America (AD 1600-1832). The
Arikara experienced climatic changes, warfare, interactions with novel groups of people and
disease epidemics and therefore represent an opportunity to assess differential risk of death in a
stressful context. The overarching question of this project is, in the historic context of
environmental and social stresses, do these environmental and social stresses (as indicated by
specific skeletal markers that occur during childhood) increase the risk of death from later
infectious disease or warfare related trauma experienced in adulthood?
Risk of death was calculated using the semiparametric Kaplan-Meir survivorship curves
with log-rank tests and the Cox proportional hazard model calculated in SPSS. Risk of death
from specific, competing causes of death was further estimated using the parametric Gompertz
and Gompertz-Makeham analyses in R. The Gompertz model assesses risk of death from adult
mortality and the increase in mortality with age. The Gompertz-Makeham further assesses risk of
death from random causes of death that are not age related. A total of 374 individuals, 192 males
and 182 females, were included in these analyses. While none of the statistical results were
statistically significant, they did reveal age- and sex- specific patterns of survivorship. Two main
conclusions can be considered: First, females with a skeletal stress marker exhibit greater
survivorship, particularly after age 40, whereas frail males exhibit a decrease in survivorship.
Second, males and females with a skeletal stress marker exhibit decreased survivorship if they
also exhibit a skeletal trauma. This decrease in survivorship may be due to dangerous social
behaviors, such as warfare, hunting, horticultural activities or trade. Overall, these results
indicate that mortality is indeed selective with respect to age, sex and/or stress status. Future
vi

research will address risk of death from individual health conditions as well as from multiple
stress markers.
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CHAPTER 1
INTRODUCTION
One of the goals of bioarchaeologists and paleopathologists in particular, is to understand
how the lives of past people were affected by differential diets, warfare, disease and other
aspects of everyday life (Angel, 1969; Howell, 1976; Goodman et al., 1984a; 1988; Konigsberg
and Frankenberg, 1992; 1994; 2002; Milner et al., 2008). Goodman and colleagues (1984a;
1988) proposed their now well-known stress model, as a means by which bioarchaeologists
could understand how individuals were able to cope with different environmental and biological
stresses (Martin et al., 2002; Armelagos and Van Gerven, 2003). Goodman and colleagues
(1984a; 1988) suggest that if an individual’s cultural system does not ‘buffer’ or protect him/her
from environmental stresses, then biological processes will be interrupted, leaving markers on
bone. These stress markers include: linear enamel hypoplasias (LEH), cribra orbitalia (CO),
porotic hyperostosis (PH) and short stature. Survival of the individual can be affected by
genetics, age, sex and immune strength which can ultimately affect the survival of the entire
population (Goodman et al., 1988). The notion that an individual’s biological processes may be
affected by external stress, which can in turn leave markers on the skeleton, is still investigated
by paleopathologists today and is the overarching theme of this dissertation.

Statement of Research Questions
The Arikara Native American people experienced various forms of stress, including:
climatic instability, European contact, warfare with neighboring groups of people and disease
epidemics (Lehmer, 1971a; Owsley and Bass, 1979; Stockton and Mecko, 1983; Trimble, 1994;
Owsley, 1994; Bamforth, 2006). These stressful incidents may have been powerful enough to
induce skeletal markers of stress (Goodman et al., 1984a; 1988). Wood and colleagues (1992a)
1

suggest that the existence of skeletal lesions within a population can have broader implications
than merely indicating the presence of disease. These lesions can have associations with risk of
death for the individual and the final mortality distribution. Risk of death is defined as the
likelihood of an individual, with specific demographic and pathological criteria, dying relative to
other individuals. Estimating this risk is complicated when it is not known how long an
individual experienced a specific risk (Kleinbaum and Klein, 2012). This is referred to as
censoring and is particularly relevant to paleodemographic studies. However, as will be
demonstrated, this issue is not insurmountable. Therefore, the analysis of the Arikara affords an
opportunity to analyze risk of death in a stressful context.
Individuals from four Arikara sites, Anton Rygh, Mobridge, Larson and Leavenworth,
were analyzed for the presence of skeletal stress markers. These sites date from 1600 to 1832 and
were located in South Dakota (Lehmer, 1971a; Jantz, 1972; Blakeslee, 1994; Owsley, 1994). The
Arikara referred to themselves as ‘sanish’, meaning ‘ourselves’ (Parks, 2001). The name
‘Arikara’ developed from various European and American designations (Parks, 2001) and has
become the conventional term utilized throughout the literature and will be used in this project.
The four sites analyzed in this dissertation were located along the Missouri River in the
Great Plains of western North America (Lehmer, 1971; Jantz, 1972; Blakeslee, 1994; Owsley,
1994). Archaeologically, the Great Plains are separated into three distinct areas: the Northern
Plains, the Central Plains and the Southern Plains. The Northern and Central plains are separated
by the Nebraska-South Dakota border and the Central and Southern Plains are separated by the
southern border of the Kansas River System. The Northern Plains includes the Middle Missouri
River Valley which runs between North Dakota and South Dakota. The Arikara Native
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Americans occupied South Dakota, whereas the Mandan and Hidatsa Native Americans
occupied North Dakota (Lehmer, 1971a; Blakeslee, 1994; Owsley, 1994).
Archaeological investigations of the Great Plains in the United States began as part of a
salvage expedition. Many of the archaeological sites in the Middle Missouri River Valley were
in danger of being destroyed by the implementation of dams and reservoirs along the Missouri
River. Consequently, 200 archaeological sites were excavated between 1950 and 1969 (Lehmer,
1971a). Skeletal remains were removed from some of the sites excavated, including the skeletal
samples analyzed in this dissertation. Since their excavation, these remains have been the focus
of several different studies.
Many of the studies focused on the Arikara evaluated biological relationships and/or
differences between prehistoric and historic Great Plains peoples and the Arikara (Jantz, 1973;
1977; Ubelaker and Jantz, 1979; Key and Jantz, 1981; Owsley and Symes, 1982; Key, 1983;
Auerbach, 2010). Several previous paleopathological and paleodemographic studies of these
Arikara sites have documented interpersonal trauma, infectious diseases (treponematosis and
tuberculosis) and skeletal indicators of biological stress (linear enamel hypoplasias, porotic
hyperostosis, cribra orbitalia and short stature) (Owsley et. al., 1977; Owsley and Bass, 1979;
Palkovich, 1981a;b; Kelley et al. 1994; Owsley, 1994; Offenbecker, 2011; Taylor, 2013).
In this dissertation, these four sites were re-examined for the co-occurrence of the above
skeletal stress markers and skeletal evidence of trauma and infectious disease. The overarching
question of this project is, do the environmental and social stresses (as indicated by specific
skeletal markers that occur during childhood), faced by the Arikara, increase the risk of death
from later infectious disease or warfare related trauma experienced in adulthood?

3

Analyses of the Arikara skeletons were mostly conducted in the 1970s and 1980s and
generally ended in the 1990s. This dissertation therefore represents a continuation of
bioarchaeological investigations of the Great Plains and further expands on these analyses by
determining the co-occurrence of infectious disease or trauma with a biological stress and
estimates risk of death, for adult individuals. The use of this methodology is in accordance with
the techniques employed by leading researchers who are currently investigating the significance
of skeletal stress markers for the individual (Wood et al, 1992a; Usher, 2000; DeWitte and
Wood, 2008; DeWitte, 2009; DeWitte and Bekvalac, 2010; DeWite, 2010a,b; Redfern and
DeWitte, 2011; Dewitte, 2012; DeWitte and Hughes-Morey, 2012; DeWitte et al., 2013;
DeWitte, 2014a, b; Wilson, 2010; 2014; DeWitte, 2015; Boldsen, 2015; Redfern et al., 2015;
Watts, 2015; Zadzinska et al., 2015). This theoretical approach is significant because it
challenges long-held assumptions regarding the meaning of stress (Goodman et al., 1984b;
Cohen, 1997; 2008; 2009; Steckel and Rose, 2002; Steckel et al., 2005).
This dissertation applies innovative methods of data analysis: hazards analyses and the
Transition Analysis aging method (Wood et al., 1992b; Konigsberg and Frankenburg, 1994;
2013a, Boldsen et al., 2002; Wood et al. 2002; Frankenberg and Konigsberg, 2006; Milner et al.
2008 (later discussed). These methods were developed and applied to paleodemographic studies
in part to address the theoretical concepts proposed in The Osteological Paradox (Wood et al.
1992a). This methodology is still challenged today and research on the subject is somewhat
limited (DeWitte, 2009; DeWitte, 2010b, Wilson, 2010, 2014; Jatautis et al., 2011; Redfern and
DeWitte, 2011; DeWitte and Hughes-Morey, 2012; DeWitte et al. 2013; DeWitte, 2015; Redfern
et al. 2015). This dissertation therefore builds on this methodology and in so doing, reinforces
the application of these alternative methods and concepts.
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Hypotheses
Using age- and sex-specific frequencies of skeletally visible health conditions this project
will determine whether individuals with pre-existing health conditions are at a higher risk of
death later in life from infectious disease and/or warfare related trauma. Risk of death will be
calculated using parametric and semiparametric hazard analyses. This investigation will add to
current anthropological research concerned with risk of death, selective mortality and the
significance of age- and sex-specific lesion frequencies (Wood et al., 1992a). This study will
support the idea that environmental and social factors are an important consideration when
analyzing health conditions and their effects on morbidity and mortality. As a result, the current
project contributes to recent and ongoing developments in the field of bioarchaeology aimed at
more nuanced analyses of skeletal data.

Hypothesis 1
Adult individuals with a skeletal marker of childhood stress (as indicated by linear
enamel hypoplasias, porotic hyperostosis/cribra orbitalia and/or short stature) will also exhibit an
infectious disease (either tuberculosis or treponematosis) and have an increased risk of death.
Given current research linking antemortem conditions with risk of death (DeWitte and
Wood, 2008; DeWitte, 2010a; Jatautis et al., 2011; DeWitte and Hughes-Morey, 2012; Wilson,
2014), it is expected that if an individual exhibits an antemortem condition he/she will also
exhibit an infectious disease and will therefore have an increased risk of death. This increase in
risk of death may indicate that living in the context of social and environmental stresses was
sufficient enough to produce a skeletal lesion associated with stress which may have made an
individual more susceptible to infectious disease later in life. However, if no increase in risk of
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death is found, this may indicate that a stressful environment does not always interrupt biological
processes (Goodman et al., 1984a; 1988).

Hypothesis 2
Adult individuals with a skeletal marker of childhood stress (as indicated by linear
enamel hypoplasias, porotic hyperostosis/cribra orbitalia and/or short stature) will also exhibit
skeletal evidence of warfare related trauma and have an increased risk of death.
It is expected that pre-existing biological stresses may increase an individual’s frailty, or
age-specific risk of death, and therefore make it more difficult to escape attackers (Milner et al.,
1991; Steadman et al., 2009; Boldsen et al., 2015). The effects of frailty may be long-lasting and
limit an individual’s stamina. Therefore, these stresses may increase the risk of death from
warfare related trauma. It is expected that if an individual exhibits an antemortem condition
he/she will also exhibit warfare related trauma and will therefore have an increased risk of death.
Pre-existing conditions may make it more difficult to escape attackers. If this hypothesis is not
supported, this may indicate that the presence of a biological stress does not affect risk of death
in the context of warfare.

Hypothesis 3
Females with skeletal stress markers will have an increased risk of death in their
reproductive years (15-40) over males with skeletal stress markers in the same age group.
Males and females and different age groups are not necessarily affected by the same
health conditions (Ortner, 2003). It has been demonstrated that males and females have different
mortality risks (Boldsen, 1997; 2008; Ortner, 1998; Wilson, 2010; DeWitte, 2010a; Redfern and
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DeWitte, 2011; Jatautis et al., 2011; DeWitte, 2012; Wilson, 2014). Furthermore, it has been
suggested that females during the reproductive years are at an increased risk of death more so
than males due to reproductive responsibilities, such as breast feeding and pregnancy (Boldsen,
1997; Ortner, 2003; Temple, 2011; Wilson, 2014). Ages 15-30 have been identified as the initial
reproductive years among prehistoric Native American groups living in the Lower Illinois River
Valley (Wilson, 2010). In the current project, this age range was broadened to age 40 as it has
been demonstrated that females may still bear children until age 40 (Bogin, 1996; Pennington,
2001). This criteria was used in a previous study (Minsky-Rowland, 2011). While it is possible
that the effects of a stressful environment limited fertility and therefore caused shorter
reproductive years among the Arikara, shortening this age range would also limit the sample size
available for analysis. If females during their reproductive years are at an increased risk of death
over males it may indicate a difference between the sexes regarding how they react to stress. If
no sex/age difference is found it may indicate that the stressful environment of the Arikara
affected both sexes and all age groups the same way or possibly that biological stresses do not
affect later adult health at all.

Significance of Current Research
This investigation will add to current research concerned with risk of death and the
significance of age- and sex-specific lesion frequencies. It further builds on research which
addresses selective mortality and hidden heterogeneity. Consequently, this project and others like
it, support alternative explanations to traditional interpretations of health that the presence of a
skeletal lesion may only indicate poor health (Goodman et al., 1984b; Wood et al., 1992;
DeWitte and Wood, 2008; Wilson, 2010; DeWitte, 2009; DeWitte, 2010b, Jatautis et al., 2011;
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Redfern and DeWitte, 2011). This study will also provide a more complete view of the health
experiences of the Arikara and demonstrate the importance of considering environmental and
social factors when analyzing health conditions and their impact on human groups.
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CHAPTER 2
SKELETAL INDICATORS OF DISEASE, BOLOGICAL STRESS AND TRAUMA

Infectious diseases, biological stresses and skeletal traumas can increase the risk of death
for an individual within a population, thereby affecting the final mortality distribution (Wood et
al., 1992a). Tuberculosis, treponematosis, linear enamel hypoplasias, porotic hyperostosis/cribra
orbitalia, short stature, and interpersonal trauma have all been previously documented among the
Arikara (Owsley et. al., 1977; Owsley and Bass, 1979; Palkovich 1981a;b; Jantz and Owsley,
1984; Owsley and Jantz, 1985; Kelley et al., 1994; Owsley, 1994; Offenbecker, 2011), although
their co-occurrence and association with risk of death has not been analyzed.
It is necessary to understand how these health conditions are acquired and how they may
alter specific anatomical structures. This information will indicate how and why specific skeletal
elements are affected and therefore why the anthropologist observes distinctive skeletal lesions.
The evolutionary history of these diseases will also be reviewed. Understanding the evolution of
a particular pathogen can reveal how and why a specific method of transmission developed and
therefore whether human populations are expected to be affected in a given geographic region.
This information will aid in conducting a differential diagnosis. Virulence of the disease can also
be inferred from understanding its evolutionary origins which, in turn, can indicate whether or
not skeletal lesions are likely to occur. Ultimately, this information will affect estimates of risk
of death based on the presence/absence of specific skeletal lesions.

Skeletal Indicators of Infectious Disease
Inherent in any paleopathological analysis is the detailed and accurate description of the
observable skeletal reactions. A disease is a condition that will possibly endanger an individual’s
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survival (Buikstra and Cook, 1980). Infectious diseases are those caused by a pathogen that can
spread from one individual to another (Ortner, 2003). An accurate description of the disease
process will not only describe (and hopefully diagnose) the disease, but it will also aid the
anthropologist in understanding the evolution of different diseases and how these diseases may
have affected a group of people, not only biologically, but also socially. Paleopathology is able
to contribute to studies of how the presence of certain health conditions influences what is
known about malnutrition or diet as well as how animal domestication and sedentism affect the
spread of disease among human groups (Ortner, 2009). Accurate pathological descriptions
depend on the terminology that is used and the classification of pathological reactions (Ortner,
2012).
The skeleton will react in one of three ways to a health condition or infectious disease.
Either a blastic reaction will occur (i.e. bone formation) or a lytic reaction will occur (i.e. bone
loss or destruction) or a combination of these reactions will occur. These reactions are dependent
on the type of bone cell involved: osteoblasts (bone forming cells) or osteoclasts (bone resorbing
cells). The reactions that these cells cause are continuous reactions and can range from very mild
to very severe. Therefore, the researcher must be able to differentiate between normal bone and
pathological bone (Ortner, 2003, 2012). However, in some cases, multiple diseases cause very
similar reactions on the same parts of the skeleton. In this case it is necessary to perform a
differential diagnosis (Buikstra, 1976).
A differential diagnosis must consider the sex, age, type of reaction, pattern of lesions
throughout the skeleton, the time period and geographic location of the individual. As an
example, Buikstra (1976) conducted a differential diagnosis of tuberculosis. She analyzed spinal
pathologies in the Schild collection from a prehistoric cemetery from west-central Illinois (AD
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930-1200 +/- 110). One-hundred seventy-five individuals with at least three elements were
analyzed so as to acquire enough representative data. The final sample size consisted of 12
individuals, as they exhibited lesions to the spine, hands, feet and ribs. These individuals were
predominantly young and old adults (not juveniles), of both sexes. In order to diagnose these
individuals, diseases that would not cause thoraco-lumbar lesions or affect juveniles were
eliminated as possible causes of the observed conditions. Therefore, only blastomycosis and
tuberculosis were likely causes. Blastomycosis was eliminated as it mostly affects males at 20-40
years old. Tuberculosis was a more likely cause as there is no sex preference and it affects
individuals below the age of 35.
This example demonstrates what factors the anthropologist must consider when making a
diagnosis of disease from skeletal remains and was followed in this project. In order to perform a
reliable differential diagnosis it is necessary to understand what kinds of reactions tuberculosis
and treponematosis cause.

Treponematosis: An Evolutionary Enigma
Treponematosis is the technical term used to refer to a group of four presumably related,
infections: pinta, bejel (endemic syphilis), yaws and venereal syphilis, of which there is a
congenital manifestation. Pinta is the only form that does not affect the skeleton as its expression
is limited to skin lesions. The other three different manifestations of treponematosis all cause
very similar reactions in the skeleton, although they are each prevalent in different geographic
locations and under different environmental and social contexts (Aufderheide and RodriguezMartin, 1998; Ortner, 2003; Powell and Cook, 2005).
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It remains unclear if one bacterium, Treponema pallidum, is responsible for all four
different manifestations of this disease or if four different bacteria are responsible for these
conditions. Pinta is caused by Treponema carateum, bejel (endemic syphilis) is caused by T.
pallidum subspecies endemicum, yaws is caused by T. pallidum subspecies pertenue and
venereal syphilis is caused by T. pallidum. Several different evolutionary explanation have been
purported to explain the varied expressions of this condition and as such, the origins of this
disease have been under intense scrutiny (Aufderheide and Rodriguez-Martin, 1998; Ortner,
2003; Powell and Cook, 2005).
At the crux of the debate is whether Columbus and his explorers carried the infection
with them from Europe to the New World and infected local groups already living there, or if
this disease was present in the New World and Columbus and his explorers carried it back to
Europe. This question has resulted in three specific theories: The Columbian hypothesis, the preColumbian hypothesis and the Unitarian hypothesis (Baker and Armelagos, 1988; Aufderheide
ad Rodriguez-Martin, 1998; Ortner, 2003; Powell and Cook, 2005).
The Columbian hypothesis posits that venereal syphilis first evolved in the New World
and was brought to Europe by Columbus and his company returning to Europe in 1493. The
disease was introduced into the European population who had no immunity to it and so the
disease was able to spread very easily, causing an epidemic in 1500 (Baker and Armelagos,
1988; Aufderheide ad Rodriguez-Martin, 1998; Powell and Cook, 2005).
The pre-Columbian hypothesis asserts that venereal syphilis was brought from Europe to
the New World by Columbus and his men, but was identified as ‘leprosy’ in Europe, not as
syphilis. The epidemic in 1500 was determined to be caused by syphilis because the disease was
classified separately from leprosy in the 1490s (Baker and Armelagos, 1988; Powell and Cook,
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2005). The pre-Columbian hypothesis gained support from a medical doctor, C.J. Hackett
(Hackett, 1963; 1967).
Hackett suggests that pinta was the primitive form of treponematosis, as all four
treponeme diseases do cause skin pigmentation. This is the only reaction that pinta causes. Pinta
may therefore have spread from Africa into Asia and then the Americas as human groups
migrated across the Bering Straits 15,000-10,000B.C.E. There are no reports of pinta, or a
disease causing lesions similar to pinta, being a worldwide phenomenon. Therefore, Hackett
suggests that it evolved from an animal infection in the Euro-Afro-Asian land mass and
eventually spread to the rest of the world by 15,000B.C.E., but was isolated from the Americas
(Hackett, 1967).
Yaws evolved from pinta in the humid, warm climate of the Afro-Asia area of the world
at about 10,000B.C.E. It spread throughout this region, but did not reach the Bering Straits
before they melted and therefore, did not reach the Americas as human migration was prohibited.
Endemic syphilis is prominent in deserts and the semi-arid deserts of Africa and Asia. The
spread of this condition to these arid areas could have occurred at 8,000B.C.E. once it evolved
from yaws bacteria. By 7,000 B.C.E yaws evolved into endemic syphilis in these arid areas, but
yaws continued to spread in humid, warm climates (Hackett, 1967).
Hackett then tackles the evolution of venereal syphilis. He makes two suggestions
regarding its prominence in Europe and the Mediterranean: either it developed 10 years before or
after AD 1500, or it was already in Europe but not distinguished from other diseases, such as
leprosy. These suggestions are based on various historical and contemporary accounts. Hackett
suggests that endemic syphilis, which primarily affected children in rural environments, evolved
into venereal syphilis which affected adults in urban environments. The venereal form may have
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evolved due to more adults spreading endemic syphilis through sexual intercourse. These
individuals would not have been immune to endemic syphilis if they had not experienced it in
childhood, due to a decrease in the spread of this disease among children. An increase in
settlement patterns and population accompanied by an increase in sexual activity and a decrease
of endemic syphilis allowed the venereal form to spread. This might have occurred between
5,000 and 2,000B.C.E. in the Mediterranean and Asia (Hackett, 1967).
Eventually venereal syphilis spread to Europe with the Roman conquest. Venereal
syphilis would have spread easily in the densely populated urban areas of Europe in the 15 th and
16th centuries. Overall, Hackett feels that venereal syphilis evolved from endemic syphilis and
not yaws and that yaws did not exist in the Americas at the time of Columbus’ voyage. Rather
pinta is ancestral to endemic syphilis in the Americas. Hackett asserts that venereal syphilis was
eventually transmitted to the Americas during the 16th century (Hackett, 1967).
Lastly, the Unitarian hypothesis is the notion that the pathogen that causes syphilis
(whichever it was) evolved alongside human groups and existed in the New World and the Old
World concurrently when Columbus and his men arrived in the New World (Baker and
Armelagos, 1988). This hypothesis was formulated by Ellis Herndon Hudson (Hudson, 1965;
1968; Baker and Armelagos, 1988; Aufderheide and Rodriguez-Martin, 1998; Powell and Cook,
2005).
Hudson, a medical doctor, maintained that because clinical tests could not differentiate
between the four different types of treponematosis microscopically then the four different
manifestations of the disease were in fact not caused by different species of Treponema.
However, he admits that this is not the prevailing theory and that rather, it is generally accepted
that each condition is a separate disease caused by a different species. Hudson felt that the four
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different manifestations of Treponematosis formed, what he called, a ‘biological gradient’, in
which the Treponematosis bacteria is expressed differently depending on the environment.
Endemic syphilis was a transitional manifestation between venereal syphilis and yaws, whereas
the position of pinta is unclear. It may be a transitional condition between endemic syphilis and
yaws (Hudson, 1965).
Hudson proposed that even though a biological gradient exists, these four conditions
could develop into another variant of the disease depending on the environment or society. He
theorized that every human group lives with one form of treponematosis depending on the
environment, hygiene and sexual practices. In terms of evolution, yaws is hypothesized to have
originated in sub-Saharan Africa among naked, early humans. This manifestation then migrated
with subsequent hunter-gatherer groups out of Africa. A warm, humid, climate prompted
treponematosis to evolve into a condition that not only affects the skin but also causes lesions in
the mouth and other bodily openings. This is known as endemic syphilis (Hudson, 1965).
Endemic syphilis eventually evolved into yaws in Southwest Asia once humans migrated
there. At the same time, during the Paleolithic, European humans migrated with endemic syphilis
which eventually became yaws and pinta in Central and South America in the warmer
environment. Yaws also eventually spread to New Guinea, the Pacific Islands and Australia by
subsequent migrations. Venereal syphilis is not believed to have spread prior because endemic
syphilis is primarily a childhood disease. If people were infected as children they were immune
to the disease once sexual maturity occurred (Hudson, 1965). Therefore, endemic syphilis is the
temperate and arid analog to yaws and venereal syphilis is another version of treponematosis
(Hudson, 1968). Yaws and endemic syphilis continued to spread once people settled into villages
since population size increased and living conditions were unhygienic (Hudson, 1965).
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Increased hygienic practices, such as clean water sources and dedicated rooms within
homes for bathing and other bodily functions, limited infectious disease spread, including
nonvenereal treponematosis. However, it continued to spread in less hygienic villages.
Individuals in towns who did not grow up with a natural immunity to endemic syphilis were
susceptible to the venereal form that was spread through sexual intercourse. This mode of
transmission was supported in densely populated towns that allowed prostitution to flourish.
Hudson maintained that the bacteria did not change; rather it adapted its mode of transmission in
response to human changes. This adaptation would have occurred anywhere in the world where
towns were developing (Hudson, 1965).
Baker and Armelagos (1988) review and discuss different documentary, historical and
skeletal evidence concerning these three theories. They assert that the historical descriptions of
‘syphilis’ more closely resemble leprosy or some other venereal disease and not venereal
syphilis. After reviewing the skeletal evidence for this condition that exists in both the New
World and the Old World, the authors assert that the skeletal evidence in the Old World is not
sufficient to state the origins of syphilis. They feel that the skeletal evidence in the New World
supports the assertion of a nonvenereal form of syphilis before Columbus’ arrival. It was then
brought back to Europe by Columbus’ crew where it developed into a venereal form due to a
new social and environmental context.
Hudson argued that because the treponematoses cannot be distinguished in dry bone,
skeletal lesions cannot be relied upon to understand treponeme evolution. Rather this suggests
that treponematosis existed far back in human history and was present in all different geographic
locations (Hudson, 1965). Therefore, because venereal syphilis was present in different time
periods, in different geographic locations, it does not matter if Columbus and his men had this
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infection before or after their exploration (Hudson, 1968). Regardless of which theory is correct,
when reviewing archaeological material, from any temporal or geographic context, it may
become clear that some kind of treponemal disease was present in the population under study.

Treponematosis: The Skeletal Manifestations
Treponematosis is a mixed lytic and blastic disease causing both bone loss and bone
formation depending on the area of the skeleton that is affected. The skeletal reactions caused by
yaws, bejel (endemic) syphilis and venereal syphilis are very similar and these individual
conditions cannot be distinguished in dry bone. The skeletal elements that are most often
affected are those that are not covered by a significant amount of soft tissue, such as the tibia and
cranium. While the reason for this is unclear, it is hypothesized that these skeletal elements are
cooler and preferred by the treponeme bacteria as a cool environment promotes bacterial growth
(Ortner, 2003).
In a modern context, all four of these conditions are treatable with penicillin. However, if
untreated, soft tissue lesions will eventually develop although it is possible for individuals with
any of the treponeme conditions to live with the disease in an untreated latent phase for 20-30
years (Roberts and Manchester, 2007). Transmission ultimately is dependent on survival of the
host (Powell and Cook, 2005; Waldron, 2009). Significant skeletal lesions will only occur in the
tertiary phase of the disease (Waldron, 2009), after about 2-10 years (Ortner, 2003). Clinically,
pinta has the least affect on morbidity and mortality, followed by yaws, bejel and then finally
with venereal syphilis (Roberts and Manchester, 2007).
In untreated individuals, such as those under study in this dissertation, it is inferred that
they lived long enough with the disease in order for the skeleton to exhibit lesions, as these
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lesions only occur after several years. These individuals may therefore not exhibit an increased
risk of death if they were capable of living this long with the condition. However, this might not
be the case for those individuals with a biological stress marker in addition to this condition. The
added effect of a biological stress in childhood may have increased these individuals’ frailty thus
making them more likely to acquire treponematosis and therefore increasing their risk of death.
Pinta is caused by Treponema carateum and is the only treponeme that does not cause
skeletal reactions, nor does it affect the internal organs. It is common in the tropical regions of
Mexico, Central America and South America and affects adolescents and young adults, most
commonly 15-30 years old. Pinta only causes skin lesions. The primary method of pathogen
transmission is via skin reactions, which often appear on the lower limb. Eventually the lesions
cover the entire body and become plaque-like which, in turn, becomes a rash and the skin itself
becomes discolored. Pinta is not as easily transmissible as the other three treponemal conditions
although the individual may be infectious for several years. Pinta is endemic to the New World,
which suggests that it was already present there before 1492 and evolved there (Aufderheide and
Rodriguez-Martin, 1998; Powell and Cook, 2005).
Yaws is caused by T. pallidum subspecies pertenue. It is most common in warm, humid,
tropical environments such as parts of Africa, Latin America, the Caribbean Islands, parts of
Asia, Australia and New Guinea, and commonly affects children and adolescents. Yaws is also
transmitted through skin lesions and initially presents as an itchy lesion on the lower limb which
heals, although other lesions usually develop shortly afterwards. In the early stage of the disease
process, the long bone shafts, particularly the tibia, will be affected by periostitis. The skeleton
can exhibit pathological reactions in this early stage of the disease process in which periostitis,
an inflammation of the periosteum, affects the long bone shafts, usually the tibia. These
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periosteal reactions might also result in thickening of the long bones. Goundou, in which the
nasal and maxillary area is widened, may also occur (Aufderheide and Rodriguez-Martin, 1998;
Powell and Cook, 2005).
After several years the skeleton will be further affected. The long bone shafts are usually
affected by gummatous lesions and osteomyelitis. A gumma is a lesion in which necrotic tissue
is surrounded by sclerotic (healing) tissue. These areas of necrosis leave depressions in the bone.
Gummas are caused by blood clots that limit the blood supply to the bone. Osteomyelitis is an
infection of the medullary cavity and in some cases a cloaca may develop to allow pus to exit the
bone (Steinbock, 1976; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Powell and
Cook, 2005).
Children are not usually affected by skeletal lesions from yaws, although dactylitis in
which the hand bones enlarge, can occur. The classic long bone reaction for yaws is bowing of
the tibia, referred to as ‘saber tibia/shin’ or ‘boomerang leg’. Repeated periosteal deposition to
the anterior crest of the tibia makes it appear curved (Aufderheide and Rodriguez-Martin, 1998;
Ortner, 2003; Powell and Cook, 2005). This is referred to as ‘pseudo-bowing’ in which the long
axis of the bone is not affected. True bowing occurs when the long axis of the bone is physically
curved and is most common in subadults (Ortner, 2003). The fibula, radius and ulna may also
appear bowed due to periosteal deposition (Aufderheide and Rodriguez-Martin, 1998; Ortner,
2003; Powell and Cook, 2005).
Caries sicca, lytic lesions of the frontal and parietal bones, may occur in yaws but is not
as likely as in venereal syphilis. These lesions begin as ulcers on the scalp and cause star-shaped
scars in the bone. The lesions begin as an area of bone loss surrounded by reactive bone, causing
a ringed depression. This persistent cycle of lytic reaction and healing/development of new bone
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growth leads to the pitted or undulating appearance of many crania. The nasal area and hard
palate are more likely to be affected by lytic ulcers that cause gangosa, in which the individual’s
voice is altered. New bone may also form on the maxilla and nasal region (Aufderheide and
Rodriguez-Martin, 1998; Ortner, 2003; Powell and Cook, 2005).
Bejel, or endemic syphilis, is caused by T. pallidum subspecies endemicum and is
common in dry, cool temperate regions such as the Middle East and Africa. It is most common
among young children. While its transmission is similar to that of yaws and pinta, through
broken skin lesions, it is also spread through sharing eating and drinking utensils, pipes,
cigarettes, or even towels. Skin lesions mostly affect the moist areas of the body such as the
mouth, axilla, inguinal area, rectum and vulva (Aufderheide and Rodriguez-Martin, 1998;
Ortner, 2003; Powell and Cook, 2005). Lytic lesions of the hard palate and nasal region may
occur, but are not common (Ortner, 2003).
The mucous membranes of the mouth and nose are the primary means of transmission of
bejel which accounts for its prominence among groups of people such as the Bedouin whose
clothing leaves few other bodily features exposed. After several months untreated, gummatous
lesions on the skin and nasopharynx may occur as well as nasal-palatal perforation. The distal
portions of the long bones (fibula, ulna and radius) may be affected by periostitis and saber tibia
may occur (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Powell and Cook, 2005).
Gummas are also common on the hand and foot bones (Ortner, 2003).
Venereal syphilis, caused by Treponema pallidum, is spread through sexual intercourse
and is referred to as acquired syphilis. As a result, it is found globally and primarily affects
individuals once they are sexually active. The initial skin lesion is called a chancre and is usually
located on the genitalia or anus. This lesion may heal, but if the condition is untreated the
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bacteria can spread to the other systems of the body. Other skin and genital lesions may occur, as
well as fever and hair loss. The bacteria may then become dormant, after which time the
cardiovascular system can be affected. The aorta can become blocked, causing an aneurysm, and
the blood vessels of the meninges, the brain and the spinal cord can become inflamed. Damage to
the spinal cord can lead to difficult mobility as well as nervous pain (Aufderheide and
Rodriguez-Martin, 1998; Ortner, 2003; Powell and Cook, 2005).
Subsequently, Charcot’s joints and gummas may occur on the long bones. Charcot’s
joints are characterized by a loss of movement at the joint surface as well as new bone formation
(Aufderheide and Rodriguez-Martin, 1998; Powell and Cook, 2005). This loss of movement is
due to neurosyphilis, which causes the individual to lose pain sensation such that the joints
become damaged due to repeated use. Ulcers may form in the overlying tissue, which permits
bacteria to enter the joint. The joint may undergo degeneration or subluxation and will eventually
become completely resorbed (Aufderheide and Rodriguez-Martin, 1998). In addition to
Charcot’s joints, Clutton’s joints may also occur in which the large joints, such as the knee, are
affected by arthritis due to a gumma within the synovial membrane or subchondral bone causing
bone loss (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Powell and Cook, 2005).
Tertiary syphilis can affect multiple bones bilaterally. The tibia, bones of the face and
vault are most likely to be affected. Like yaws, caries sicca is common on the external skull
vault. Lesions usually begin at the frontal bone and spread to the parietal and facial bones. The
occipital bone remains unaffected, except in extreme cases. Also similar to yaws, the bones of
the face may have lytic lesions resulting in the ‘saddle nose’ appearance in which the bridge of
the nose is destroyed and depressed. A widening of the nasal region may occur (as in goundou)
as well as perforation of the hard palate. The facial skeleton may also exhibit periostitis. The
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tibia is the most common long bone to be affected by venereal syphilis. The tibia, as well as the
fibula, femur, ulna and radius, may exhibit nongummatous periostitis that causes thick, raised,
areas of periostitis. Endosteal new bone may occlude the medullary cavities. Gummatous
periostitis, in which periosteal deposition surrounds a depression in the bone, is common as well
(Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003).
Venereal syphilis can be transmitted to a fetus through the placenta or during childbirth.
The early stage of congenital syphilis mostly affects the face and mouth, causing rhinitis
(‘sniffles’), and a rash around the moist areas of the body, including the mouth, anus, palms of
the hands and bottoms of the feet. A newborn baby, whether or not it survives the birth process
(as some may be stillborn), will possibly be affected by osteochondritis of the distal femur and
proximal tibiae. This condition is characterized by a buildup of calcified cartilage. Similarly, the
distal humerus is prone to fracture as the metaphysis is not as strong and the arms are relied on
by the infant before walking begins. Additionally, gummatous periostitis and osteomyelitis may
occur on the long bone shafts, particularly the tibiae, but the radius, ulna and femur can also be
affected. The tibia in particular might develop the saber tibia morphology, assuming true bowing.
Wimberger’s sign is characteristic of early congenital syphilis. This condition results in a loss of
density in the medial tibial metaphysis (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003;
Powell and Cook, 2005).
Several skeletal reactions in the late stage of congenital syphilis are similar to those in
acquired syphilis. In fact, it is difficult to differentiate between late congenital syphilis and
acquired syphilis. ‘Saddle nose’ and lytic lesions of the skull vault may occur. Dactylitis and
Clutton’s joints may develop as well as saber shin. While these reactions of late stage congenital
syphilis are similar to venereal syphilis, dental pathologies are unique to congenital syphilis. The
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permanent central incisors develop with narrow and pointed crowns. This morphology is known
as Hutchinson’s incisors. The first permanent molars may be smaller and narrower than normal
and are referred to as ‘Moon’s molars’ or ‘Mulberry molars’ (Aufderheide and RodriguezMartin, 1998; Ortner, 2003; Powell and Cook, 2005).
As is clear from this discussion, the three different manifestations of treponematosis all
cause very similar reactions and it is difficult to differentiate between them in dry bone (Ortner,
2003). As such, these conditions were not differentiated when analyzing the skeletal remains.
However, because the pathognomic reactions are caries sicca, lytic lesions to the nasal-palatal
region and periosteal deposition to the long bones (particularly the tibia), these reactions were
relied upon to make a diagnosis of treponematosis. When conducting a differential diagnosis the
anthropologist should consider other health conditions that may cause periosteal deposition,
occlusion of the medullary cavities or lytic lesions such as:

Paget’s disease, tuberculosis,

leprosy, tumors, hypertrophic osteoarthropathy and osteomyelitis (Steinbock; 1976; Aufderheide
and Rodriguez-Martin, 1998; Waldron, 2009).

Tuberculosis: An Evolutionary Opportunist
Tuberculosis is caused by the bacterium Mycobacterium tuberculosis. Transmission
occurs via infected saliva and mucus leaving the lungs through coughing, sneezing or speaking.
There are several other species of mycobacterium, including M. bovis (the cause of tuberculosis
in cows), M. leprae (the cause of leprosy), M. africanum (the cause of tuberculosis in Africa), M.
canetti and M. microti (the cause of tuberculosis in voles). With the exception of M. leprae, the
other mycobacterium bacteria compose what is referred to as the ‘M. tuberculosis complex’.
Another mycobacterium, M. avium, causes tuberculosis in birds and humans as well as other
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bronchial or pneumatic conditions (Aufderheide and Rodriguez-Martin, 1998; Roberts and
Buikstra, 2003; Roberts and Manchester, 2005).
Tuberculosis is believed to have initially spread to humans through ingesting infected
meat or milk from cattle (Roberts and Manchester, 2005). This would have caused a
gastrointestinal infection (as M. bovis does), which could spread to the respiratory system of an
infected individual who could then transmit the bacteria to other individuals. M. bovis usually
causes gastrointestinal disease in children, possibly due to their reliance on milk. The spread
from cattle to humans is hypothesized to have occurred during the Neolithic period in the Middle
East and Europe since bovids were a primary food source as human groups became more
sedentary and population growth increased (Ortner, 2003; Roberts and Buikstra, 2003; Roberts
and Manchester, 2007).
M. tuberculosis requires a large population, with many hosts, to survive and proliferate. It
is unlikely for this disease to have been able to survive among hunter-gatherers as individual
groups are not as populous and, due to their nomadic lifestyle, have little contact with other
groups. Tuberculosis may have become an epidemic once human groups settled into larger,
densely populated towns. The dearth of skeletal evidence among hunter-gatherer groups could be
a function of burial practice and/or small population size. If the living population was small then
so too, would the dead population. While it has been suggested that tuberculosis spread to
humans from domesticated animals, the condition can also affect wild animals. It is possible that
the disease was more virulent among domesticated animals and that once humans began to live
in close proximity with them the condition then spread to humans (Ortner, 2003; Roberts and
Buikstra, 2003; Roberts and Manchester, 2005).
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It is not clear whether tuberculosis was present in the New World prior to 1500A.D.
Many researchers have relied on the presence, or absence, of skeletal reactions to answer this
question (Ortner, 2003). While support for a pre-Columbian existence of tuberculosis in the New
World was confirmed based on the presence of M. tuberculosis DNA from pre-Columbian
mummies (Salo et al., 1994; Arriaza et al., 1995), analyses of various mycobacterial DNA
represent a promising method to understand the evolution and relationship of M. tuberculosis to
the other mycobacterial diseases (Aufderheide and Rodriguez-Martin, 1998; Roberts and
Buikstra, 2003).
Brosch and colleagues (2002) analyzed 20 different regions of DNA on 100 strains of M.
tuberculosis, M. africanum, M. canettii, M. microti, and M. bovis. They found that M. bovis
maintains a much smaller genome than M. tuberculosis and that it may have evolved from a
lineage composed of M. africanum and M. microti that separated from M. tuberculosis. A
consistent diminishment in DNA may have allowed these diseases to spread to nearby hosts. It is
suggested that M. tuberculosis occupies its own lineage and was already a human pathogen when
the M. africanum lineage separated. This is because the 6 M. tuberculosis strains that were
analyzed are similar to the last common ancestor of M. tuberculosis and M. africanum. M.
canetti, which may be an ancestor to M. tuberculosis, is also a human pathogen.
The assertion that M. canetti is an ancestor to M. tuberuclosis has found support among
other researchers. M. canetti is one of the smooth tubercle bacilli (STB) that exhibits smooth
colonies when cultured. The genome of 5 STB strains, including M. canetti, was compared to
that of M. tuberculosis. The STB strains were larger than the MTBC strains suggesting that they
were ancestral to the MTBC strains. However, while these strains grew faster than M.
tuberculosis strains when cultured, the M. tuberculosis strains survived longer in the chronic
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phase of the disease when tested in mice. The authors assert that STB strains, such as M. canetti,
are ancestral to M. tuberculosis and that M. tuberculosis became more virulent through changes
in its genomic structure (Supply et al., 2013).
There are seven different lineages of the M. tuberculosis complex (MTBC) that vary in
their geographic occupation (Luo et al., 2015). Lineage 2 contains strains related to the Bejing
family, a widespread strain family that also maintains antibiotic resistance. Ninety-five strains
were analyzed from lineage 2. It is suggested that the MTBC originated in South Asia and then
evolved alongside humans in East Asia 30,000 years ago. The presence of a ‘modern’ Beijing
sublineage in both endemic and epidemic geographic areas indicate that this is an extremely
virulent form, one that may be able to cause a less powerful immune response and/or defer such
a response. It is also resistant to Calmette–Guérin vaccinations and other drugs. This strain may
have evolved during the Neolithic Demographic Transition (NDT) in China as populations
increased. Overall, Luo and colleagues (2015) aruge that this lineage is 2.0 kya and although
human migration may have permitted this lineage to spread, this notion is not in agreement with
the present locations of the Beijing sublineages.
While Luo and colleagues (2015) suggest that M. tuberculosis evolved during the NDT, it
is also possible that it arose earlier in time and spread with human migration out of Africa.
Comas and colleagues (2013) analyzed 220 strains of MTBC as well as 39 strains from the
Beijing family. Phylogeographical and Bayesian analyses indicated that Africa was the most
likely origin for MTBC. Due to similarities between early branching MTBC lineages Comas and
colleagues (2013) suggest that this occurred when humans migrated out of Africa, prior to the
NDT, at least 70 kya. Based on known human demography during the Neolithic, the authors
suggest that rather than spreading as a zoonosis, tuberculosis could have easily spread to humans
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as a consequence of population growth (Comas et al., 2013). As is clear from these studies, the
spread of M. tuberculosis relies on densely populated human groups. Regardless of how it
spread, tuberculosis can cause significant skeletal reactions if left untreated.

Tuberculosis: The Skeletal Manifestations
Tuberculosis infection in humans usually affects the respiratory tract and occurs in a two
phase process (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Roberts and Buikstra,
2003). During the primary infection bacteria enter the body and invade one of the immune cells,
the macrophage, and multiply causing the macrophages to die. Then T-lymphocytes, another
immune cell, intervene and the initial area of infection swells and the tissue (often lung) dies.
This area is surrounded and cut off from the rest of the healthy tissue by a scar. Any surviving
bacteria are located within this scar, referred to as a ‘Ghon complex’ (Aufderheide and
Rodriguez-Martin, 1998).
After the primary infection, the condition can lay dormant and affect the individual after
several years, either due to re-infection, from the tuberculosis bacilli released from the Ghon
complex or new exposure to other tuberculosis bacteria. Therefore an individual may not exhibit
symptoms but still test positive for the illness. The M. tuberculosis bacteria can infect other parts
of the individual’s respiratory system and cause secondary pulmonary infections. Pulmonary
tuberculosis that develops after five years is secondary or post-primary tuberculosis. Since the
individual’s immune system is already familiar with the bacilli and therefore prepared, an even
stronger cell response occurs causing an increased amount of tissue death. If the bronchial wall is
affected, the individual will cough out any liquid and infectious bacteria. This expectoration of
bacteria of course, can then infect other individuals. If tuberculosis is present in a population
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where people were not previously exposed to the infection then susceptible people will die and
an epidemic can occur (Aufderheide and Rodriguez-Martin, 1998; Roberts and Buikstra, 2003).
In a modern context, tuberculosis is a multi-drug resistant disease, meaning that it is very
difficult to treat. The spread of tuberculosis in the modern era is due to a variety of reasons
namely: pathogen adaptation to drugs, travel, immunocompromised individuals, limited access to
drugs and unhygienic or crowded living conditions (Roberts and Buikstra, 2003). Before the use
of antibiotics, tuberculosis contributed to significant morbidity and mortality in medieval
England until the mid-19th century and in other parts of Europe and the United States until the
20th century (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003). Mortality in the preantibiotic era occurred in 35-40% of individuals with tuberculosis (Aufderheide and RodriguezMartin, 1998).
Tuberculosis might possibly have been more virulent among populations not previously
exposed to the disease and who therefore did not have a chance to develop any type of immunity
to it. These individuals would have died before skeletal lesions had a chance to develop (Roberts
and Buikstra, 2003; Roberts and Manchester, 2007). Clinically, skeletal lesions associated with
tuberculosis are uncommon, affecting 1% of patients and only 5-7% of patients prior to the use
of antibiotics (Aufderheide and Rodriguez-Martin, 1998). This fact makes diagnosis in dry bone
difficult as not many individuals will exhibit lesions (Buikstra, 1976; Aufderheide and
Rodriguez-Martin, 1998).
Taken together, these two pieces of information suggest that documentation of skeletal
lesions associated with tuberculosis in an archaeological context is unlikely. Therefore, risk of
death among individuals with skeletal tuberculosis may erroneously appear to be decreased since
there are fewer of them when compared to individuals without skeletal lesions (i.e. “healthy”
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individuals outnumber the “unhealthy” individuals), even though these individuals without
lesions may have actually died before lesions could develop. This may be misleading because
individuals with skeletal tuberculosis may in fact have been “healthier” since they were able to
live long enough with the disease to exhibit skeletal lesions.
Tuberculosis is primarily a lytic disease resulting in bone loss. Skeletal reactions caused
by tuberculosis follows the antemortem progression of the infection. M. tuberculosis bacteria
require a significant amount of oxygen to survive and proliferate and so they often attack areas of
the skeleton responsible for this process. The centrum of the vertebrae is the primary area for
lesions to appear as it contains a large amount of trabecular bone, which is responsible for the
production of red blood cells (hemopoiesis) that utilize oxygen (Aufderheide and RodriguezMartin, 1998; Ortner, 2003).
The lower spine is the most likely skeletal element to be affected at any age. This is
pathognomonic of skeletal tuberculosis (Roberts and Manchester, 2005). The vertebrae are
highly vascularized and therefore receive high bacterial loads. A soft tissue lesion usually forms
in between the intervertebral disk and the vertebral body. This lesion can then progress into the
vertebral body itself and the disk may herniate, which then causes the characteristic narrowing
and collapse of the vertebrae. This collapse is referred to as ‘kyphosis’ and can be observed in
dry bone. It is most common in the thoracic vertebrae and is referred to as Pott’s disease. This
collapse and fusion of the vertebrae was named after the surgeon, Sir Percival Pott, who first
described the condition (Roberts and Manchester, 2005). Multiple thoracic and lumbar vertebrae
are often affected, although the lumbar vertebrae may not be as severely collapsed (Aufderheide
and Rodriguez-Martin, 1998; Ortner, 2003; Roberts and Buikstra, 2003; Roberts and
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Manchester, 2005). Tuberculosis of the spine can cause nerve damage to the lower limbs which
can lead to difficulty walking or paralysis (Roberts and Buikstra, 2003).
A soft tissue abscess will possibly affect the paravertebral ligaments. The ligaments bulge
and this causes a ‘gouge’ defect within the vertebral bodies. The anterior body of the vertebrae is
more commonly affected than the posterior aspect of the vertebrae. These lesions result in bone
loss and new bone growth is rare (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003). Due
to their anatomical relationship with the vertebrae, and location relative to the lungs, the ribs may
exhibit periosteal deposition, which is more common on the internal aspects of the middle ribs.
While this may be suggestive of tuberculosis, this reaction can be caused by a number of
pulmonary diseases, such as pneumonia, and so care must be taken in diagnosing tuberculosis
from the ribs alone (Kelley and Micozzi, 1984; Kelley et al., 1994; Aufderheide and RodriguezMartin, 1998; Ortner, 2003; Roberts and Buikstra, 2003; Roberts and Manchester, 2005; Matos
and Santos, 2006).
Tuberculosis usually invades the large joints, since they consist of a large amount of
trabecular bone. Joint reactions are common above the age of 40 and may be secondary to
trauma. The joints exhibit osteopenia, erosion of the joint surfaces and lytic, oval shaped lesions
with even margins. As a result, ankylosis of the joint may occur and as such, the researcher must
be careful to distinguish this condition from septic arthritis. The mataphyses are rarely affected
in adults, and even less so in children. The femoral head contains a large amount of blood
vessels, thus permitting the bacilli to enter the hip joint (Aufderheide and Rodriguez-Martin,
1998; Ortner, 2003; Roberts and Buikstra, 2003).
The hip joint is the second most likely area for tuberculosis to be found, after the spine.
This is most common in children. From their initial location in the thorax, the M. tuberculosis

30

bacteria travel down the psoas muscle which attaches the lower vertebrae to the femur and
crosses the hip joint (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003). Skeletal lesions
involve the acetabulum as well as the femoral head/neck. The sacroiliac joint can also be affected
by tuberculosis lesions, via dissemination from the lumbar region, although this is more common
in adolescents and young adults than in children. Sacroiliac lesions may be bilateral, unlike other
joint reactions. The ilium, pubic symphysis and greater trochanter of the femur are not often
affected, but the ischium may exhibit lytic lesions (Aufderheide and Rodriguez-Martin, 1998;
Ortner, 2003; Roberts and Buikstra, 2003).
Tuberculosis of the knee joint is also common and may cause dislocation, particularly in
children, although adults might also exhibit tuberculosis lesions of the knee. Children are most
likely to have their talocalcaneal joint affected, whereas adults exhibit lesions in the tibiotalar
joint. If the condition begins in the talus bone, then the talus will be destroyed. But, if the
condition begins in the distal tibia then this region will be destroyed and occasionally the
metaphysis as well. In all cases, if any healing occurs the individual will be left with a joint
deformity (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Roberts and Buikstra, 2003).
In children, the talus and calcaneus might possibly be destroyed, although it is the bones
of the hands and feet that are usually affected. This is because these bones are responsible for the
production of bone marrow in young individuals. This can cause spina ventosa in which the
bones become enlarged due to periosteal deposition (Aufderheide and Rodriguez-Martin, 1998;
Ortner, 2003). The term spina refers to a projection and ventosa means ‘puffed full of air’
(Roberts and Buikstra, 2003:108).
The growth plates of the hand bones can be destroyed causing shortening of the bones.
Similarly, the flat bones of the skull vault in children will exhibit several lytic lesions, whereas in
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adults, if this reaction occurs, it is a single lesion. Unlike treponematosis, new bone growth does
not occur and the inner table exhibits a larger lesion than the outer table. Children may also
exhibit lytic lesions of the mastoid process and petrous portions of the temporal bone. This is
caused by otitis media, an infection of the middle ear (Aufderheide and Rodriguez-Martin, 1998;
Ortner, 2003). As a result of this infection tuberculous meningitis will occur (Roberts and
Buiksra, 2003). The facial and nasal bones in children may also be affected by lupus vulgaris, a
soft tissue lesion (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003). This condition
causes thick, discolored ulcers and abscesses to form in the nose, cheeks, brow and neck
(Roberts and Buikstra, 2003).
The shoulder joint is more likely to be altered in children than in adults. The lesion
progresses from the proximal humerus into the scapula. The elbow joint may similarly exhibit
bone loss. The lesion progresses from the humerus into the olecronon and is likely to exhibit
bone loss as well as a sequestrum, or a shell, of periosteal bone deposition (Aufderheide and
Rodriguez-Martin, 1998; Ortner, 2003).
As is clear from this review of the skeletal reactions associated with tuberculosis, this
disease can cause a significant amount of lytic destruction, particularly of the lower spine.
However, it is also possible for periosteal deposition to occur on the ribs. In this project,
tuberculosis was identified based on the pathognomonic lesions of the spine, ribs, hip and
sacroiliac joints. Any differential diagnosis of tuberculosis should consider other health
conditions that cause lytic lesions or ‘lytic-like’ lesions (particularly at the joints) as well as
those that may cause some periosteal deposition such as: osteomyelitis, osteoarthritis, septic
arthritis, rheumatoid arthritis, Paget’s disease, healed fractures, brucellosis, fungal infections and
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tumors (Steinbock, 1976; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Waldron,
2009).

Skeletal Indicators of Biological Stress
The physiological processes of infants and children are usually more susceptible to
biological, environmental or cultural stressors than are adults as their immune systems are still
developing and/or they may have less access to food or other resources than do adults. The
skeleton may react and exhibit certain ‘markers’ of this stress, some of which are referred to as
‘non-specific’, as they have multiple causes. Researchers should analyze as many skeletal
markers as possible to determine whether an individual suffered from a stress, such as a
nutritional deficiency (Goodman and Armelagos, 1989).
One of the questions addressed in this dissertation is whether adult individuals with nonspecific indicators of stress that occurred in childhood have an increased risk of death from
infectious disease or trauma later in life, compared to those individuals who do not exhibit such
stress markers? As elaborated on in Chapter 4, the Arikara may have experienced inadequate
resources (i.e. a dearth of crops and bison meat) and therefore nutritional deficiencies due to
climatic changes, warfare and interactions with novel groups of people (Denig, 1961; Lehmer,
1971a; Owsley et al., 1977; Jantz and Owsley, 1984; Owsley and Jantz, 1985; Owsley, 1994;
Owsley and Bruwdelheide, 1997; Parks, 2001). In turn, these various stresses may have induced
metabolic disturbances that caused skeletal lesions.
Anthropologists have long recognized that a stressful environment may induce social or
cultural changes within an existing population. Climatic changes, such as droughts, have been
linked to the occurrence of warfare events (due to competition over resources), disease and

33

famine (Walker and Lambert, 1989; Walker, 1989; Ember and Ember, 1992; Lambert, 1997;
Bamforth, 2006; Torres-Rouf and Junqueira, 2006; Brickley and Ives, 2008; Cook et al., 2007;
Schug, 2011; Schwitalla and Jones, 2012; Serafin et al., 2014). Migrations and trade between
different groups of people have also been linked to the introduction of new diseases and warfare
events that can induce skeletal stress markers (Wright, 1990; Larsen, 1994; 1998; Larsen et al.,
2001; Redfern and DeWitte, 2011).
The skeletal indicators of biological stress analyzed in this dissertation include: linear
enamel hypoplasias, porotic hyperstosis/cribra orbitalia and short stature. Researchers have
inferred that an individual with these skeletal markers suffered from some type of stressful
incident and that the stress of vitamin deficiencies induced these skeletal markers. It must be
remembered that if an individual has one vitamin deficiency, he or she may be deficient in others
as well (Goodman and Armelagos, 1989; Lewis and Roberts, 1997; Brickley and Ives, 2008).

Porotic Hyperostosis and Cribra Orbitalia
Porotic hyperostosis is a general term used to refer to abnormal porous expansion of the
skull vault. These reactions were described by J. Lawrence Angel in 1966 to describe expansion
of the diploe believed to be caused by thalassemia and sickle cell anemia (Angel, 1966). Even
though porous lesions of the vault can be caused by several different health conditions, this
terminology became exclusively associated with anemia in subsequent literature (Angel, 1964;
Carlson et al., 1974; El-Najjar, 1975; El-Najjar et al., 1976; Lallo et al., 1977; Stuart-Macadam,
1985; 1987; Ortner, 2003; 2012). Cribra orbitalia is a similar abnormal porous expansion located
within the orbital roofs and is often bilateral. Health conditions that can cause porotic
hyperostosis and cribra orbitalia include: anemia, rickets (vitamin D deficiency) and scurvy
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(vitamin C deficiency) (Stuart-Macadam, 1989; 1992; Wright and Chew, 1998; Aufderheide and
Rodriguez-Martin, 1998; Ortner, 2003; Walker et al., 2009).
Porotic hyperostosis is both a blastic and lytic reaction usually found on the parietal and
frontal bones, and is less common on the occipital bone. These pinprick pores can measure
between 1mm and 2mm in diameter. Both porotic hyperostosis and cribra orbitalia are more
common in juveniles than in adults as the juvenile skeleton is still growing and is more active in
hemopoiesis. Therefore they are more susceptible to vitamin deficiencies associated with these
conditions (discussed below). However, it is possible to observe sclerotic or nearly healed
lesions in adults, who experienced porotic hyperostosis in childhood (Stuart-Macadam, 1985;
Walker, 1986; Wright and Chew, 1998; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003;
DeWitte, 2010a). Porotic hyperostosis and cribra orbitalia do not necessarily co-occur in the
same individual. In fact, cribra orbitalia might be more prevalent within a population than porotic
hyperostosis (Walker, 1986; Aufderheide and Rodriguez-Martin, 1998; Roberts and Manchester,
2005; Walker et. al., 2009). This can be due to an age-related difference in the body’s
hemopoietic production, or to an increased remodeling rate of the vault over the orbits (Walker et
al., 2009).
Anemia is a descriptive term used to refer to an inadequacy in the ability of the red blood
cells to transport oxygen throughout the body as a result of reduced hemoglobin (StuartMacadam, 1985; 1989; 1992; Ortner, 2003; Walker et al., 2009). Therefore, there are several
different types of anemia and not every type affects bone (Ortner, 2003). Red blood cells are
manufactured in trabecular bone and hemoglobin in the bone marrow. In the growing child, red
blood cell production occurs in more locations within the skeleton and so they are more likely to
be affected by a disruption in this process (Aufderheide and Rodriguez-Martin, 1998). In a
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healthy individual, red blood cells die and are replaced at an even rate. Anemia results when red
blood cell production is interrupted by blood loss, a deficiency in blood cell production, or too
much red blood cell death (Walker et al., 2009).
Iron deficiency anemia is the most common type of anemia. It is caused by a loss of iron
in hemoglobin (Stuart-Macadam, 1989; Ortner, 2003; Walker et al., 2009). This causes the red
blood cells to be lighter in color and smaller than normal. Iron can be absorbed by humans
through ingesting iron-rich foods, such as meat, egg yolk, legumes, shellfish and parsley. The
iron is then absorbed by the intestines or moved to the blood. The concomitant ingestion of
vitamin C can aid in iron absorption (Stuart-Macadam, 1985; 1992).
An individual can become iron deficient through blood loss, poor diet (such as low iron
foods, or nutritional deficiencies), disease or abnormal iron absorption (Stuart-Macadam, 1989).
Stuart-Macadam (1985; 1992) suggests that lowered iron levels in the blood are actually an
adaptive reaction, by the immune system, to the presence of a pathogen that is dependent on iron.
By limiting the amount of iron in the body, the individual may be able to reduce the effects of the
pathogen. However, this hypothesis only explains those conditions that are iron dependent.
Porotic hyperostosis and cribra orbitalia are the result of trabecular resorbtion.
Classically, this occurs when an anemic individual overproduces erythropoietin in the kidneys,
which stimulates the bone marrow and diploe (hematopoietic marrow of the cranial vault) to
produce red blood cells. This causes marrow hypertrophy or expansion (Aufderheide and
Rodriguez-Martin, 1998). It is suggested that marrow hypertrophy causes thinning of the skull
vault leading to the characteristic porosity of porotic hyperostosis (Stuart-Macadam, 1985; 1989;
1992; Wright and Chew, 1989; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Walker
et al., 2009). Therefore, a diagnosis of iron deficiency anemia, specifically, has traditionally
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relied on the presence of the ‘hair-on-end’ expansion of the diploe a radiograph. When these
lesions are radiographed they appear as rays, or hair, extending outward from the skull. This
reaction is the result of the destruction of the outer table causing the trabecular bone to extend
outwards (Stuart-Macadam, 1985; 1989; 1992; Wright and Chew, 1989; Aufderheide and
Rodriguez-Martin, 1998; Ortner, 2003; Walker et al., 2009). While this classic explanation relies
on biological mechanisms, it does not explain why the outer table becomes resorbed when the
bone marrow becomes wide/thick. If bone expands, why does it then cause a lytic reaction?
Walker and colleagues (2009) suggest that iron is required for the production of red blood cells
and therefore expansion of the diploe. Iron deficiency anemia may not be the only cause porotic
hyperostosis/cribra orbitalia (Walker et al., 2009).
There are several different types of hemolytic anemia, including thalassemia and sickle
cell anemia, both of which are rare genetic conditions and believed unlikely to be the cause of
porotic hyperostosis and cribra orbitalia as these conditions are commonly observed among
archaeological samples (Walker et al., 2009). Thalassemia is caused by insufficient hemoglobin
production and sickle cell anemia is caused by abnormally formed hemoglobin (Ortner, 2003).
However, unless specific genetic testing is conducted, there is no absolute way to determine that
a genetic form of anemia was or was not affecting a particular group of past people. For
example, sickle cell anemia is common in geographic regions where malaria is present (Ortner,
2003). Similarly, thalassemia is common among Mediterranean groups and parts of Asia (Ortner,
2003). Therefore, unless an archaeological sample comes from a geographic location in which a
genetic anemia is ubiquitous it is not possible for genetic forms of anemia to be documented.
However, as with the treponematoses, it may be that they are difficult to distinguish in dry bone.
Rather than focusing on the type of anemia that causes porotic hyperostosis and cribra orbitalia,
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it may be more informative to recall the fact that these conditions indicate that the individual
suffered from some type of anemia and was therefore biologically stressed.
Walker and colleagues (2009) believe that megaloblastic and hemolytic anemias may be
more likely causes of porotic hyperostosis. Hemolytic anemia is caused by premature lysis of
red blood cells. Red blood cell loss exceeds erythropoiesis, resulting in bone marrow expansion
in an effort to produce more blood. Megaloblastic anemia is caused by a deficiency in vitamins
B12 (cobalamin) or B9 (folic acid). It is characterized by large marrow cells that are unable to
divide, leading to a deficiency in blood cell production (Walker et al., 2009).
Walker and colleagues (2009) suggest that megaloblastic anemia as result of a dietary
deficiency is more likely to occur in juveniles than in adults. Children do not contain a
significant amount of B12, whereas adults store this vitamin in the liver and therefore a
deficiency in this condition would not be clinically apparent for a very long time. Furthermore,
B12 is usually acquired from eating animal meat, but it is possible for a child to become B12
deficient if a mother did not consume meat while pregnant or breastfeeding. It is also possible for
gastrointestinal parasites and diarrheal diseases to reduce the amount of B12 in the body. These
are likely occurrences among densely populated groups living under unhygienic conditions.
Juveniles are particularly susceptible to these health conditions. Therefore, B12 deficient
mothers, or GI disease could account for the appearance of porotic hyperostosis in juveniles
more so than in adults. While Walker and colleagues (2009) maintain that megaloblastic anemia
is a more likely cause of porotic hyperostosis and cribra orbitalia than other nutritional
deficiencies that also cause porous lesions of the skull and orbit, namely scurvy and rickets.
Scurvy is a nutritional deficiency in which an individual does not ingest sufficient
vitamin C (ascorbic acid). Ascorbic acid is acquired through diet, notably in citrus fruits. It is
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needed for the adequate production of collagen, an organic component of cartilage, bone and
osteoid, the matrix for bone ossification. Both juveniles and adults may be affected by vitamin C
deficiency, although skeletal lesions are more common in children because bone that grows
quickly is more susceptible to this deficiency (Stuart-Macadam, 1989; Aufderheide and
Rodriguez-Martin, 1998; Ortner, 2003; Brickley and Ives, 2008).
Overall, scurvy causes a decrease in osteoblastic deposition and an increase in
osteoclastic and chondroclastic activity. Throughout the body, this causes an increase in calcified
cartilage to be laid down, but without bone deposition. In both adults and juveniles, this
pathological process may lead to fractures because the metaphyseal portion of the bone is not as
strong (Stuart-Macadam, 1989; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003).
Inadequate collagen formation also leads to weak blood vessels that may cause
hemorrhages. Deficient collagen also prohibits the attachment of the periosteum to underlying
bone. Subperiosteal hemorrhages are likely to occur, although, to a greater extent in juveniles as
the periosteum is more easily removed even under healthy conditions. Vitamin C deficiency
limits osteoblastic activity impeding osteoid deposition which ultimately leads to osteopenia in
both children and adults (Aufderheide and Rodriguez-Martin, 1998; Brickley and Ives, 2008).
Juveniles may exhibit porotic hyperostosis on the skull vault, including the maxilla and
mandible. In the case of scurvy, diploic expansion is absent. Rather, subperiosteal hemorrhages
of the orbital roofs are common, causing periosteal deposition that is similar in appearance to
cribra orbitalia (Ortner, 2003; Brickley and Ives, 2008). The deficient collagen in this location
permits the ocular muscles to move more than is normal, pulling the periosteum causing
subperiosteal bleeding. Once these hematomas heal, new bone is laid down that contains a large
amount of blood vessels. Cribra orbitalia is more likely to affect juveniles as the periosteum is
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not as well attached as it is in adults. This may account for the preponderance of this condition in
juveniles (Walker et al., 2009).
Juveniles may also exhibit the ‘scorbutic rosary’ appearance to the rib cage in which the
costochondral joint expands (Stuart-Macadam, 1989; Aufderheide and Rodriguez-Martin, 1998;
Ortner, 2003). Even adults with scurvy may exhibit fractures at the cartilaginous connection
between the ribs and sternum. They can also experience inflammation of the alveolar bone due to
bleeding gums. Hemorrhages of the gums occur because the teeth are held in place by a
collagenous ligament that may become impaired causing the teeth to loosen leading to infection
and ulceration of the gums (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003). Vitamin D
deficiency also causes similar to reactions to both anemia and scurvy.
Vitamin D deficiency is known as rickets in children and osteomalacia in adults. Vitamin
D works in conjunction with parathyroid hormone to regulate blood calcium and phosphorus,
both of which are needed for the mineralization of bone and osteoid. Vitamin D can be absorbed
in a precursor state by the skin from sunlight and is manufactured in the kidney, intestine and
bone (Stuart-Macadam, 1989; Aufderheide and Rodriguez-Martin, 1998). Vitamin D can also be
found naturally in foods, such as fish, (Stuart-Macadam, 1989; Brickley and Ives, 2008), but in
other cases, such as pasteurized milk, this vitamin is later added. The most efficient source of
vitamin D is sunlight (Brickley and Ives, 2008).
In bone, vitamin D aids the parathyroid hormone in releasing calcium through the action
of osteoclasts (Stuart-Macadam, 1989; Aufderheide and Rodriguez-Martin, 1998). Without
vitamin D calcium is not released into the body which causes an elevated amount of parathyroid
hormone to generate osteoclastic action of bone to release calcium. This then leads to elevated
osteoblastic action, causing bone formation (Stuart-Macadam, 1989). A lack of calcium and
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phosphorus leads to the formation of unmineralized osteoid. Bone is therefore unable to support
the weight of the individual, which leads to the abnormal shape of bone. The bone continues to
remodel throughout life replacing mineralized bone with unmineralized bone, leading to further
deformity (Stuart-Macadam, 1989; Ortner, 2003; Brickley and Ives, 2008).
Vitamin D deficiency affects the growth process, particularly endochondral ossification.
In children normal levels of new bone formation and cartilage formation, that is vitamin D
deficient, causes unmineralized cartilage and osteoid to be laid down at the growth plates. This
leads to the ‘rachitic rosary’ of the ribs between the sternum and rib, bending the sternum
anteriorally. In skeletal remains, unmineralized osteoid may be observed in the form of porous
bone of the growth plates. Additionally, widening of the metaphyses in the long bones may occur
(Stuart-Macadam, 1989; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Brickley and
Ives, 2008).
The long bones will eventually become bowed, which may mimic the saber shin
morphology of treponematosis. Bowing early in life usually affects the upper limbs as children
are dependent on these bones for mobility (crawling) before the lower limb (Stuart-Macadam,
1989; Brickley and Ives, 2008). Also in juveniles, the spine may project anteriorally causing the
acetabulum of the pelvis to bend superiorally, possibly affecting childbirth later in life
(Aufderheide and Rodriguez-Martin, 1998; Brickley and Ives, 2008).
The juvenile skull may be softened, causing the characteristic ‘craniotabes’ in which the
parietal and occipital bones of the skull are flattened. The skull may also exhibit a reaction
similar to porotic hyperostosis. This reaction is the result of thickening of the skull vault caused
by external bone deposition and remodeling of the inner and outer tables of the skull. The vault
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appears similar to the porous diploe (Stuart-Macadam, 1989; Aufderheide and Rodriguez-Martin,
1998; Ortner, 2003).
As growth is already complete by adulthood, adults do not experience problems in
endochondral ossification. Rather, osteomalacia may cause problematic remodeling because
uncalcified osteoid is replacing resorbed bone during remodeling. Eventually this leads to
weakened bones and abnormal shape. This is most prominent in the ribs, sternum, vertebrae and
pelvis, in particular, as they have a high remodeling rate (Aufderheide and Rodriguez-Martin,
1998; Ortner, 2003; Brickley and Ives, 2008).
During the course of this research the type of nutritional deficiency (anemia, rickets or
scurvy) was not diagnosed, as this is not the focus of this project. Regardless of which type of
deficiency caused porotic hyperostosis/cribra orbitalia, these reactions still indicate that the
individual suffered from some type of stress, namely a nutritional deficiency that may have
increased an individual’s frailty and therefore risk of death from later challenges to the immune
system (i.e. infectious disease). The current research is concerned with risk of death from any
stress, in general.

Linear Enamel Hypoplasias
Linear enamel hypoplasias are characterized by horizontal lines, grooves, or pits in dental
enamel on the buccal side of the tooth. They are most commonly found on the permanent
maxillary incisors and mandibular canines (Aufderheide and Rodriguez-Martin, 1998). Enamel is
laid down in incremental layers in a process, called ameliogenesis. Amelioblasts initiate enamel
formation on the cusps and proceeds rootward. If the individual experiences some type of
stressful incident the body uses the energy dedicated for ameliogenesis towards coping with the
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stress. When ameliogenesis ceases, a layer of enamel is left unfinished. Once the stress is
relieved, ameliogenesis begins again, but the previous layer is thinner, appearing as a horizontal
groove. Stressful incidents that may affect ameliogenesis include: disease, trauma, anemia or
nutritional deficiencies of vitamins A, C and D (Goodman and Rose, 1991; Lewis and Roberts,
1997; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Armelagos et al., 2009). Linear
enamel hypoplasias were included in this study as they indicate that the individual suffered from
some type of stress that was strong enough to interrupt a basic biological process.
Enamel formation begins at birth and is completed by the end of the adolescent period
when development of the third molars ends. Most lines form within the first four years of life,
when the teeth are forming, but may indicate that the individual experienced a stress within the
first seven years of life as the deciduous teeth may exhibit lines starting at the fifth fetal month.
Enamel cannot remodel and so linear enamel hypoplasias are visible throughout life, unless the
enamel is broken, the tooth is lost or exhibits dental wear (Goodman and Rose, 1991; Lewis and
Roberts, 1997; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Armelagos et al., 2009).

Short Stature
The development of the growing skeleton may be negatively impacted by a number of
factors, including nutrition and disease. Their effect on the skeleton will differ depending on
when they occur during the growth period and the duration of disruption. The short stature of an
individual, shorter than predicted as indicated by average long bone length, may indicate whether
or not the individual suffered from some type of stress (Golden, 1994; Mays and Ives, 2009).
Juveniles require adequate nutrition in order to support growth, which is why children’s growth
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trajectories are more susceptible to metabolic insults (Goodman and Armelagos, 1989; Golden,
1994; Martorell et al., 1994; Humphrey, 1998; Mays and Ives, 2009).
An acute event may not affect skeletal growth. The insult must be of sufficient severity
and duration; it must be chronic in order to impact growth, (Golden, 1994; Martorell et al., 1994;
Humphrey, 1998; DeWitte and Hughes-Morey, 2012; Ruff et al., 2013). If the environmental and
nutritional conditions of an individual improve, ‘catch up growth’ may occur, in which the
individual later gains some of the height that was not achieved earlier in life. However, this will
depend upon when in the growth period the individual experiences growth deficits and/or when
nutritional improvements occur. If these events occur late in the growth period the individual
may not be able to fully recover the lost growth (Golden, 1994; Martorell et al., 1994).
Catch-up growth may occur if the nutritional environment of the individual improves
(Ruff et al., 2013). Thus, the metabolic insult that affected growth was not chronic enough to
permanently stunt the individual. Due to the multifactorial nature of growth and depending on
the analytical methods used, the link between stature and mortality is not always easily
discernible (Kemkes-Grottenthaler, 2005; DeWitte and Wood, 2008; Dewitte and HughesMorrey, 2012; Pinhasi et al., 2013). It may be more informative to consider different indicators
of environmental stress on growth. Pinhasi and colleagues (2013) demonstrate that bone growth
and limb proportions may be correlated with healed and/or active lesions associated with cribra
orbitalia, porotic hyperostosis and periosteal lesions of the postcranium. In their study Pinahsi
and colleagues (2013) analyzed bone growth from skeletal populations in Croatia from Stenjevec
(1050-1250 AD) and Nova Raca (1400-1700 AD) part of continental Croatio and Koprivno
(1500-1700 AD) and Dugopolje (1350-1500 AD) both of which are part of Adriatic Croatia. A
total of 198 children ages 1-11.5 years old were analyzed. The crural indices and brachial indices
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were measured as well as femur breadth and clavicle length. The authors found that individuals
with healed lesions had larger limb dimensions per age than individuals with active lesions. The
authors also documented that populations living on the Adriatic coastal hinterland overall
exhibited larger femoral and clavicular measurements per age than the continental groups. This
suggests that children from the continental Croatio had lower body mass than those in the
Adriatic hinterland. However, the brachial and crural indices were not statistically different. This
suggests that even though the individuals from the Adriatic populations were larger, this did not
affect their overall limb proportions. Pinhasi and colleagues (2013) suggest that the poorer
nutrition of the Croatian sample (which was historically documented) may have affected their
overall growth. The authors conclude by suggesting that the relationship between healed and non
healed lesions of stress markers associated with nutritional deficiencies or other health conditions
should be studied further. Nutritional deficiencies have also been proposed to explain the short
stature of juveniles from several Arikara groups (Jantz and Owsley, 1984; Owsley and Jantz,
1985) as well as early mortality in other populations (Watts, 2011; Dewitte and Hughes-Morey,
2012).
Jantz and Owsley (1984) compared the growth of Arikara juveniles living during the
Extended coalescent, Postcontact coalescent and the Disorganized coalescent time periods. The
Extended coalescent (1550-1675) is characterized by climate changes, the Postcontact coalescent
(1675-1780) is characterized by better nutrition and the Disorganized coalescent (1780-1862) is
characterized by disease epidemics, warfare and limited food. While individuals in the Extended
and Postcontact time periods exhibited similar long bone lengths, juveniles growing during the
Disorganized coalescent were shorter than those juveniles growing during the Extended or PostContact coalescent periods. Owsley and Jantz (1985) later demonstrated that Arikara infants born
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during the postcontact period had short for gestational age long bone lengths when compared to
individuals in the prehistoric or protohistoric time period. Furthermore, the ages of those
individuals born at the later time period was at thirty-four to thirty-eight weeks whereas the ages
of individuals born earlier in time is thirty-nine weeks. Owsley and Jantz (1985) suggest that the
postcontact period was characterized by malnutrition and maternal illness which affected preterm
births. The possibility that the availability of resources changed throughout the Coalescent period
and lead to a change in stature has been suggested elsewhere. Auerbach (2010) has documented
that a secular change occurred among the Arikara including the individuals at the Mobridge and
Larson sites. The body mass and stature of males decreased between the Extended and
Postcontact Coalescent periods, whereas these measurements increased among female
individuals.
Watts (2011) analyzed remains from the Fishergate House in York, England (10th-15th
centuries). This was an industrial town with a high population density. The author found that
those individuals who died between the ages of seventeen and twenty-five were on average
shorter (based on tibial and femoral measurements) than those individuals who lived past age
twenty-five. Lastly, DeWitte and Hughes-Morrey (2012) document an increased risk of death
during the Black Death epidemic in London among short individuals (those who were one
standard deviation below the average stature), when compared to tall individuals (those were one
standard deviation above the average stature). This study is further discussed in Chapter 3.

Skeletal Indicators of Trauma
The skeletal indicators of trauma analyzed in this dissertation include sharp force trauma
and blunt force trauma. The patterns of specific markers throughout the skeleton, as well as the
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timing of trauma are significant indicators of warfare in a bioarchaeological context (for a full
discussion of the methods used to identify trauma in this project, see Chapter 6).
Biological anthropologists must differentiate between intentional and accidental trauma.
Blunt force trauma to the skull is rarely accidental except in the case of standing falls that result
in fractures of the vault. Intentional blunt force trauma may be located on the frontal-parietal
region and/or occipital region. This trauma may result in depressed fractures in which the outer
table is pushed inwards, or linear fractures that follow the path of least resistance across the skull
(Galloway, 1999; Smith, 2003; Ortner, 2003; Tung, 2007; Lovell, 2008; Kimmerle et al. 2008;
Steadman, 2008; Serafin et al., 2014).
Blunt force trauma to the postcranial skeleton may be accidental as individuals may fall
and fracture their limb bones. In contrast, fractures to the distal ulna, are referred to as parry or
defensive fractures as an individual may raise his/her forearm to shield themselves from an
attack, thus exposing the distal ulna to insult. However, as these wounds may also be due to
accidents they are unreliable indicators of warfare in the absence of cranial trauma (Galloway,
1999; Ortner, 2003; Lovell, 2008; Kimmerle et al. 2008; Steadman, 2008; Lessa, 2011; Serafin et
al., 2014).
Sharp force trauma is blunt force trauma with a sharp implement and may be identified
on dry bone by the presence of a curved fracture with one straight edge and one that may be
irregular. Sharp force trauma is considered to be indicative of violent trauma (Milner et al.,
2000). Scalping, the removal of the scalp from victims of warfare, is an example of sharp force
trauma. Cutmarks will be evident around the periphery of the skull vault. This is common among
Native American groups and certainly among the Arikara (Owsley, 1994; Ortner, 2003;
Mensforth, 2007).
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It is important to differentiate between sharp force trauma and taphonomic damage, such
as rodent gnawing, as this may mimic cutmarks. Careful attention must be paid to the shape of
the mark (i.e. bilateral grooves vs. a straight edge) and the timing of the event, whether it was
antemortem, perimortem or postmortem (Milner et al., 2000).
Embedded projectile points, or trauma from projectile points, also indicate interpersonal,
lethal trauma. If a projectile point is not observed in situ with bone, trauma can be identified
based on the presence of a perforation, in the bone, internal and external beveling and/or oval
shaped depressions in the bone (Milner et al., 1991; Lambert, 1997; Smith, 2003; Steadman,
2008; Serafin et al., 2014).
Cutmarks to major joints and/or the first and second cervical vertebrae are indicative of
the removal of limbs and/or decapitation, respectively. Both scalping and dismemberment have
been used to infer trophy taking activities for prestige enhancement (Smith, 1997; Milner et al.,
2000; Andrushko et al., 2005; Smith 2003; Chacon and Dye, 2007; Mensforth, 2007; Steadman,
2008; Andrushko et al., 2010). This prestige enhancement can be acquired by an individual
mutilating another single individual, or it can be acquired by a group mutilating the bodies of
enemies. Scalps in particular represent a trophy item possibly because they are easily separated
from the body and because they are portable (Mensforth, 2007).
Several authors have used these assertions regarding trophy taking and prestige
enhancement to understand warfare activities. For instance, Andrushko et al. (2005) documented
dismemberment among a group of prehistoric Native Americans from the San Francisco Bay
area in California (770 BC-AD 365). The authors documented perimortem cutmarks and larger
chopmarks (more than 2mm wide) on long bones. Most of the individuals affected were young
adult males, several of whom were also missing adjacent forearm bones. The removal of the
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forearm bones suggested to Andrushko and colleagues (2005) that these bones were removed as
part of trophy-taking activities, based on previous accounts from other sites in central California.
In particular, because the individuals targeted were young males, it is believed that they were
victims of warfare, as they are more likely to be involved in such activities over females. Other
individuals also exhibited drilled and polished holes on several forearm bones which suggested
ritual removal and modification of these bones. Based on accounts from other skeletal samples,
the authors suggest that these bones were hung up and used as decorative items. Andrushko and
colleagues (2005) suggest that trophy taking may have occurred as a result of changing political
powers at this time period causing tensions between groups of people.
Andrushko and colleagues (2010) later expanded on this study and analyzed sites from
the Central California Bioarchaeological Database (CCBD) which contains data on 13,453
individuals and covers nearly 5,000 years (3000BC-AD1880). They found that the trophy-taking
activities previously documented (2005) were not isolated incidents and that these activities
increased during a time of political change which may have increased tensions between groups
of people. Seventy-six individuals were found to exhibit evidence of trophy-taking
(dismemberment, decapitation and scalping). Fifty-nine of these individuals exhibited other
cutmarks as well. Most of the victims were young males, in multiple burials or haphazard
burials, rather than the common flexed burials. Individuals buried in a haphazard manner could
have been killed away from their homes. Victims were also more likely to exhibit other forms of
trauma (such as blunt force trauma or sharp force trauma). Together, these data suggested to
Andrushko and colleagues (2010) that these individuals were involved in warfare activities. The
individuals affected were historically part of the Early Period (3000-500BC) through to the Late
Period (AD 900-1700). However, warfare activities increase during the Early/Middle Transition
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period and eventually stop at the Historic Period (AD 1700-1880). The Early/Middle Transition
was one of cultural change, with the advent of a hierarchical social structure that may have
permitted the act of trophy-taking as a means to increase status of certain individuals.
Furthermore, an increase in migrations at this time period into the Bay Area could have possibly
prompted violent interactions between strangers, possibly due to resource competition, murder or
adultery. Andrushko and colleagues (2010) assert that because most of the groups living in this
area lived very closely to one another and were independent of one another, trophy-taking
occurred as a means to maintain a separation between themselves and other groups.
When interpreting accidental trauma among the Sambaqui (fisher-hunter-gatherers) and
mound-builders in Brazil, Lessa (2011) only considered subluxations (dislocations) and
postcranial fractures as accidental. Fractures to the face and/or cranium were considered to be
intentional violence. Most of the trauma noted was observed on the upper and lower limbs which
the author attributed to living on the rocky terrain. In contrast, when interpreting intentional
violence Steadman (2008) did not consider blunt force trauma to the postcranial skeleton in the
Orendorf sample. Rather, she relied on blunt force trauma to the skull only, trophy taking (i.e.
scalping and decapitation) and penetrating trauma from projectile points as indicators of
interpersonal violence. Due to the overwhelming amount of sharp force trauma (scalping and
projectile trauma) observed and little blunt force trauma, the author interpreted this as intergroup
violence (Steadman, 2008).
In contrast, Smith (2003) observed an overwhelming amount of blunt force trauma and
very little sharp force trauma (i.e. scalping and embedded projectile points) among eight groups
from the Chickamauga Reservior in East Tennessee. Due to the loss of an overarching civil
authority that could settle disputes, Smith (2003) interpreted this trauma to be codified ritual
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violence along codified lines. She asserts that this is best interpreted as interpersonal violence
rather than intergroup violence as nonlethal blunt force trauma was located on the frontal-parietal
region thus indicating face to face combat.
Similarly, Tung (2007) carefully considered the location of skeletal trauma. She analyzed
three different groups within the Wari Empire: Conchopata, Beringia and La Real. Iconographic
information suggested that individuals at Conchopata were warriors. When the remains were
analyzed, however, no evidence of trauma was observed. It is possible that the remains of
warriors were buried elsewhere as there was iconographic evidence supporting the assertion that
warriors were buried in a different location. Blunt force trauma at Beringia was observed mostly
on the back of the skull, which the author interpreted to mean that these individuals were running
away from their attackers, possibly during raids. Blunt force trauma at La Real was observed on
the frontal-parietal region and was interpreted as face to face contact during ritual fights. This
study further validates the importance in considering the location of skeletal trauma.
When interpreting trauma among an ancient Maya population in Mexico, Serafin and
colleagues (2014) only considered cranial trauma and embedded projectile points as indications
of interpersonal violence. They tested the hypothesis that violence increased before the Classic
Maya collapse and continued at an increased rate during the Postclassic period. Serafin and
colleagues (2014) assert that violence increases after political downfalls. They also hypothesize
that the flat, dry landscape may have contributed to warfare as travel may have been easier and
permitted use of projectile weapons. Healed cranial trauma in the Maya was found to decrease up
until the Postclassic period and then increase. The rate of cranial trauma increases if perimortem
trauma and embedded projectile points are included. Males exhibit more healed cranial trauma
than females, located on the anterior and left sides of the skull. Serafin and colleagues (2014)
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interpret the increased frequency in cranial trauma to males as lethal violence as there was not an
abundance of healed trauma observed earlier in time. When compared to other parts of the Maya
landscape, the authors found that the landscape in their study did not contribute to more warfare
as the population in this study did not exhibit more trauma than other Maya groups. However,
the authors suggest that the landscape did permit open combat rather than raiding due to the
location of trauma on the skulls. Raids may also have occurred based on the presence of
perimortem trauma on both males and females. This analysis further demonstrates the
importance of the location and timing of traumatic events, but also demonstrates that
anthropologists should also consider other factors, such as geography, when interpreting trauma
in the past.
As is clear from this discussion, the careful identification of the type of trauma
determines how the anthropologist interprets warfare. These interpretations of course affect the
anthropologist’s view of the past and of the population under study. Following Steadman (2008)
and Smith (2003), in this project, documentation of interpersonal violence was based on blunt
force trauma to the cranium, dismemberment and projectile wounds. Scalping was also used to
infer interpersonal trauma (Milner et al., 2005; Steadman, 2008). These traumatic features were
categorized as perimortem (around the time of death), antemortem (before death) and
postmortem trauma (after death) in order to understand their affect on death.

Skeletal Indicators of Disease, Stress and Trauma and Significance for the Current Project
The definitions of infectious diseases, skeletal indicators of stress and trauma discussed
in this chapter were all used to differentiate and identify these skeletal markers during the course
of research. Throughout the history of biological anthropology, anthropologists have been
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focused on the documentation of skeletal markers associated with disease, or trauma. As the next
chapter will demonstrate, anthropologists have become increasingly concerned with what these
skeletal markers indicate beyond simply the presence and/or absence of a condition. The
following chapter will discuss how the interpretations of skeletal indicators of stress, disease and
interpersonal trauma are changing and the relationship between paleopathology and
paleodemography.

53

CHAPTER 3
THE RELATIONSHIP BETWEEN
PALEOPATHOLOGY AND PALEODEMOGRAPHY

In the past two decades it has become clear that paleopathological conclusions regarding
a skeletal sample cannot truly be interpreted or understood without careful attention to the
demographic profile of that population. The individuals who comprise the final skeletal sample,
ultimately, will also dictate which health conditions are documented. Without knowing how
many males, females, juveniles and the ages at which they died, the anthropologist cannot
complete an accurate differential diagnosis cannot be made. This dissertation is concerned with
risk of death for adult individuals from specific pathological data. Any conclusions regarding
risk of death are dependent on accurate age and sex estimates.
This chapter will discuss the relationship between paleopathology and paleodemography.
It will provide a brief history of paleodemographic estimates, the challenges and refinement of
paleodemographic estimates and their significance to anthropological analyses of skeletal
remains. Thus, this chapter will note how paleopathological analyses and paleodemographic
studies are intertwined.

Paleodemography and Skeletal Analyses
Paleodemography is a subfield of demography, and documents the sex, age and ancestry
distribution of a population (Konigsberg and Frankenberg, 2002; 2013a). This subfield is
concerned with the distribution of ages and sexes within a (dead) skeletal sample (Hoppa and
Vaupel, 2002). Paleopathology is the study of how ancient diseases in the past affected the
human skeleton (Aufderheide and Rodriguez-Martin, 1998). Diseases that caused death will
therefore influence the mortality distribution of a skeletal sample (Wood et al., 1992a). The two
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sub-disciplines are intimately related. Early on, the goals of paleodemography were well
described:
“…paleodemography aims to reconstruct the population picture of an ancient or
prehistoric city or village or hunters' campsite: age composition of the population,
mortality at different periods of life, adult longevity of each sex, sex ratios of
adults and of children, fecundity and if possible, fertility, birth and death and
natural increase rate, family size, population size, and if possible critical effects of
nutrition, disease, and physical exertion. Incidence of particular diseases (arthritis,
anemia, dental disease) and selective fertility are especially important in relation
to living conditions…” (Angel, 1969:427).
Therefore, in order to understand the once living population the paleodemographer must
produce accurate skeletal estimates of age, sex and disease presence. Throughout the history of
the discipline the methodologies available did not always permit these accurate estimates and
therefore the interpretations of the anthropologist were, at times, erroneous. As such, the pursuit
of paleodemographic estimates has been consistently challenged and occasionally completely
dismissed as a necessary aspect of biological anthropology.

Paleodemography: Point Counterpoint
One of the first steps in the anthropological analysis of a skeletal sample is the estimation
of sex and age of each individual skeleton to construct a mortality distribution (Angel, 1969;
Howell, 1976; Konigsberg and Frankenberg, 1992; 1994; 2002; Milner et al., 2008). Age
estimation from skeletal indicators is in reality the estimation of biological age, or changes to the
skeleton over time. Biological age does not always reflect the chronological age or age of the
individual in calendar years. This in part is due to the differential effects on the skeleton from
diet, stress, disease and activity. Therefore, adult age estimation is not always accurate (Uhl,
2013).
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There are several methods available to estimate the age of an adult individual (i.e. Todd
1921a,b; Iscan et al., 1984; Lovejoy et al., 1985a; Meindl and Lovejoy, 1985; Brooks and
Suchey, 1990). Many of these methods are phase based and are colloquially referred to as
‘traditional methods,’ as they are so widely used within the field of biological anthropology.
Phase based methods rely on the observation of age-related changes that occur in areas of the
skeleton that are little affect by the environment or by movement. A single, complete skeletal
element, such as the cranial sutures, pubic symphysis, sternal rib ends or the auricular surface, is
necessary for these observations. These skeletal changes are associated with a chronological age
range that then translates to ordinal phases developed from large reference samples, with known
ages (Kemkes-Grottethaler, 2002; Algee-Hewitt, 2013; Uhl, 2013). However, several phase
based methods have been criticized for their inaccurate age estimates (Bocquet-Appel and
Masset, 1982; Kemkes-Grottethaler, 2002; Algee-Hewitt, 2013).
Paleodemography, taking its cue from demography, adopted a life-table approach to
estimating survivorship and mortality within a skeletal sample. Life-tables are a tabulation of age
categories (based on the ages-at-death of the skeletal individuals) to estimate several pieces of
information about the population under study. Life-tables consist of columns that account for
age/age classes, survivorship, age-specific probability of death, how long an individual lived for
at a given age, how long it is possible for an individual to have lived for at a given age, life
expectancy and the proportion of the living population (Frankenberg and Konigsberg, 2006).
In 1969 Angel published a key article in paleodemographic research in which he rejected
the long standing practice of calculating life tables, advocated by his mentor Earnest Hooton
(Milner et al., 2008). Historically, most paleodemographic analyses consisted of an osteologist
providing the frequency of deaths per age group and a demographer actually calculating the life
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table. Age at death was calculated first and then a demographic analysis was conducted to
determine the age-at death distribution (Wood et al., 2002; Frankenberg and Konigsberg, 2006;
Konigsberg and Frankenberg 2013a). Angel’s rejection of life-table analyses (1969) within the
discipline of paleodemography was significant as it had been the primary means for
anthropologists to understand the mortality distribution of a skeletal population. However, the
use of life-tables continued until the late 1970s and early 1980s. Eventually, anthropologists
realized several problems associated when using life-tables for paleodemographic estimates
(Milner et al., 2008).
One of the assumptions of the life-table is that a population is stationary. A stationary
population is a stable population with a growth rate of zero, meaning that there is no change in
the birth or death rates and no migration into or out of the population. Therefore, the amount of
individuals who are alive at a given age is proportional to the probability of the individual living
to that age. The age at death distribution is thus dependent on the frequency of deaths for a given
age cohort (Wood et al., 1992a; Wood et al., 2002; Frankenberg and Konigsberg, 2006; Milner et
al., 2008). This assumption is unrealistic since individuals could have moved into or out of the
population at different points in time, skewing the mortality distribution. It is more likely for a
population to be stable in which it maintains a non-zero growth rate, meaning that the amount of
individuals born each year will fluctuate, thus affecting the age at death distribution
(Frankenberg and Konigsberg, 2006; Milner et al., 2008). Assuming that a population is
stationary is problematic because the paleodemographer will interpret changes in fertility (i.e.
increases or decreases in the juvenile portion of the population) for changes in mortality
(Sattenspiel and Harpending, 1983; Milner et al., 2008).
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Sattenspiel and Harpending (1983) mathematically demonstrated that a stationary
population is unrealistic. They argue that the average age at death, used to understand longevity,
is actually the inverse of the crude birth rate and rather indicates fertility. Thus, a decrease in the
average age at death may be more indicative of fertility and not mortality. Therefore, researchers
will be interpreting the birth rate of the population, rather than the death rate. This clarification is
significant as it represents a refinement of a long-held methodology within paleodemography
that is still utilized today (Konigsberg and Frankenberg, 1994; Milner et al., 2008).
While the refinement of Sattenspiel and Harpending (1983) was focused on
interpretations that the anthropologist may have produced from certain methods, critiques of
basic methodology also occurred. One of the most well known critiques of paleodemographic
estimates was that of Bocquet-Appel and Masset (1982). In this article, the authors questioned
one of the most basic anthropological methods, age estimation.
In their now famous article, Bocquet-Appel and Masset (1982) discussed four very
specific critiques of the ways in which paleodemographic estimates are made:
1. the propensity for age mimicry (i.e. the age distribution of the unknown sample
conforming to the reference sample) to occur in a skeletal sample
2. the underrepresentation of older individuals (beyond 50+) combined with no
consideration for the aging differences between males and females
3. inaccurate representation of different age ranges in a population
4. the assumption that biological aging processes of the past are the same as those for
people in the reference sample, that is, the concept of biological uniformitarianism, as
suggested by Howell (1976).
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The authors ultimately ‘bid farewell’ to paleodemography as they felt that the available age
estimation techniques were not adequate (i.e unbiased) to accurately characterize the
demographic composition of a skeletal sample. Despite the authors’ fatalistic conclusion
regarding paleodemographic estimates, other researchers have demonstrated the lasting utility of
the discipline and suggested ways to improve these methods and theory.
After the publication of this article, the critiques of Bocquet-Appel and Masset were
individually addressed. Van Gerven and Armelagos (1983) demonstrate that age mimicry does
not always occur in paleodemographic analyses when they compared the age structure of two
Nubian samples using the Todd aging method for the pubic symphysis (Todd 1921a,b). The
authors found that age mimicry did not occur since the two age distributions were statistically
different from one another. While these results are promising, that Van Gerven and Armelagos
(1983) only tested two populations using one aging method. While age mimicry did not occur
under these conditions, it is possible that if more populations were compared and/or if other
aging methods were used, age mimicry could occur (Mensforth, 1990; Storey, 2007).
Van Gerven and Armelagos (1983) continue to assert that if paleodemographic analyses
really only produce random fluctuations and errors, as Bocquet-Appel and Masset (1982)
contend, then these fluctuations should be apparent in all aspects of skeletal biology and not just
aging. To test this, the authors compared cortical bone loss of a Nubian sample to an American
sample and found that the rate of bone loss was similar. When compared to similar studies, the
authors note this age-related bone loss is not a random occurrence, but rather is part of normal
skeletal biology. After this initial response to Bocquet-Appel and Masset’s farewell, Buikstra and
Konigsberg (1985) built on the arguments of Van Gerven and Armelagos.
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Regarding age mimicry, Buikstra and Konigsberg (1985) note that anthropologists are
aware that certain aging methods like the Mckern and Stewart method for the pubic symphysis
(1957) are only reliable for young, white, males. However, they note that it is possible, as in the
case of Van Gerven and Armelagos (1982), that age mimicry will not always occur. The authors
contend that the suggestion that standards based on reference samples will not capture all age
classes (and therefore lead to biased results) is in reality, solely based on cranial suture closure
(Bocquet-Appel and Masset, 1982). Buikstra and Konigsberg (1985) note that anthropologists
have long been aware that cranial suture closure is a problematic aging method and so to critique
it, as Bocquet-Appel and Masset (1982) do, does not provide new information.
Buikstra and Konigsberg (1985) assert that anthropologists are aware that broad age
classes should be utilized so as to include more individuals in their age estimates. This may
prevent older individuals being left out of paleodemographic estimates, as Bocquet-Appel and
Masset (1982) contend. However, overly wide age ranges are equally problematic (AlgeeHewitt, 2013). The use of overly wide age ranges in paleodemographic analyses ultimately
obscures the demographic profile of the population under study and the anthropologist will not
have precise age estimates. Therefore, the solution of Buikstra and Konigsberg (1985) to utilize
wider age ranges to include older individuals in paleodemographic estimates ultimately does not
address the critique of Bocquet-Appel and Masset (1982).
In response to the critique that anthropological methods need to be population, sex and
age specific, Buikstra and Konigsberg (1985) assert that while some aging indicators, such as
cranial suture closure, are variable between groups of people, other aging methods can in fact be
applied to multiple populations, such as the Todd method for the pubic symphysis (1921a,b).
This was based on the analyses by Van Gerven and Armelagos (1983) whose age distribution of
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a Nubian sample was different from that of the Todd collection. Therefore, Buikstra and
Kongisberg (1985) assume that uniformitarianism is appropriate for those methods that are less
variable between groups of people. However, again, this response to Bocquet-Appel and
Masset’s (1982) critique is only applicable to a limited number of aging methods and so
anthropologists using other techniques may still find that their results are biased.
Buikstra and Konigsberg (1985) then discuss Bocquet-Appel and Masset’s (1982)
criticism that the age estimates from contemporary aging methods do not provide a high enough
correlation with chronological age. Bocquet-Appel and Masset (1982) asserted that the best
correlation coefficient for age estimates that can be achieved is .80, meaning that several age
groups would not be accurately estimated. However, Buikstra and Konigsberg (1985) note that
Meindl and colleagues (1983) were able to attain a correlation of .83. Buikstra and Konigsberg
(1985) argue that Bocquet-Appel and Masset (1982) utilized large variances to create a life table,
thereby increasing their age ranges and misclassifying individuals. Lastly, Buikstra and
Konigsberg (1985) admit that while skeletal age indicators do not reflect the true age of the
individual, the entire field should not be dismissed and that rather the methodologies require
improvement. This very issue is still debated by anthropologists today and more refined age
estimation and statistical techniques continue to be developed.

Paleodemography: Redefined
Over a decade after Bocquet-Appel and Masset (1982) initially bid farewell to
paleodemography, a conference was held in 1999 in Rostock, Gemany, to address many of the
problems with paleodemographic analyses (Hoppa and Vaupel, 2002). Up until this point
anthropologists had been relying on traditional aging methods that were developed from
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reference samples with known ages. These ages were associated with age-related changes of
various skeletal elements. Using this information, the anthropologist could then assign an age
range to the unknown individual (i.e. Todd 1921a,b; Iscan et al., 1984; Lovejoy et al., 1985a;
Meindl and Lovejoy, 1985; Brooks and Suchey, 1990). Traditionally then, anthropologists were
observing skeletal traits and then assigning these traits to chronological ages from a reference
sample and estimating age at death in the unknown sample. This was problematic as it suggests
that every skeletal individual with similar age-related changes can be equally designated in the
same age range. It is possible for each individual to maintain a different degree of error (Boldsen
et al., 2002; Hoppa and Vaupel, 2002).
Four main conclusions were made at this conference: 1) osteologists need to develop
better skeletal age estimators to determine chronological age, 2) osteologists should estimate
Pr(c|a)-the probability that the observed skeletal age indicators, c, came from an individual age a,
3) osteologists really need to identify Pr(a|c)-the probability that an individual is a certain age
given the observed skeletal features. This probability is not equal to Pr(c|a), which is known
from reference samples. Instead, Pr(a|c) has to be calculated from Pr(c|a) using Bayes’ Theorem.
This is done to acquire information regarding f(a), or the probability distribution of ages at death
in the unknown sample. Lastly, f(a) has to be calculated before Pr(a|c). In order to estimate
Pr(a|c) though, f(a) must be known (Hoppa and Vaupel, 2002). These conclusions were based, in
part, on the suggestions of Konigsberg and Frankenberg (1994) who previously demonstrated
how Bayes Theorem can be applied to paleodemographic analyses.
Bayes theorem states that “the posterior probability is proportional to the product of the
prior probability and the likelihood” (Konigsberg and Frankenberg, 1994:93). The posterior
probability is Pr(a|c) because it is estimated after f(a), which is the prior probability, so called
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because it is based on prior knowledge. When multiplied, they are equal to Pr(c|a), which is what
osteologists aim to estimate. However, f(a), that is the age at death distribution, must be
estimated before the osteologist can estimate Pr(a|c). This is paradoxical because without
estimating the age of an individual the age at death distribution cannot be estimated.
Estimating Pr(a|c) will lead to biased age estimates because age is conditional on the
skeletal indicators. This is so because age is being estimated from the skeletal features. This
assumes that the age at death distribution of the unknown sample will follow the same age at
death distribution of the reference sample (since f(a) is being used to gain Pr(a|c)). Thus age
mimicry will occur. Konigsberg and Frankenberg (1994) advocate using maximum likelihood
estimation (MLE) to estimate the probability that an individual is a given age (Konigsberg and
Frankenberg, 1994). This can be achieved using the Transition Analysis aging method.
Transition Analysis is a multifactorial aging method that utilizes as many skeletal
features as possible to produce a final age estimate (Kemkes-Grottenthaler, 2002). While
attempts to develop multifactorial aging methods have been made in the past, few were able to
apply adequate quantitative and statistical methods for age estimation (Brooks, 1955; Lovejoy et
al., 1985b; Uhl, 2013). This method was developed using the Terry Anatomical Collection
curated at the National Museum of Natural History in Washington, D.C. and the Coimbra
Portuguese Skeletal Collection curated at the Anthropological Museum of the University of
Coimbra, Portugal (Cardoso, 2006; Santos and Roberts, 2006; Coquegiot and Weaver, 2007;
Milner and Boldsen, 2012). The development of Transition Analysis represents an attempt to not
only estimate age from as many features as possible, but also to better quantify these features
statistically (Uhl, 2013).

63

The cranial sutures, pubic symphysis and auricular surface are all divided into separate
components based on the descriptions of McKern and Stewart (1957) and Gilbert and McKern
(1973). These latter two methods are component methods. In contrast to phase methods,
component methods divide an anatomical feature into separate components that are individually
scored by the observer for age-related changes (Kemkes-Grottenthaller, 2002; Algee-Hewitt,
2013; Shirley et al., 2015).
Many of the traditional, phase-based aging methods only utilize one complete skeletal
element to estimate the age of an individual. It is therefore significant that Transition Analysis
utilizes multiple skeletal features, and treats them as aging independently from one another, as
this may account for variation in the aging process of different skeletal elements. This will allow
for a more precise age estimate (Milner et al. 2008; Algee-Hewitt, 2013). Using the free
computer software program, ADBOU, each skeletal indicator is statistically weighted differently
depending on its reliability. The final age estimate is the weighted average of all of these
indicators (Kemkes-Grottenthaler, 2002). Transition Analysis assigns skeletal features into
different stages that ‘transition’ from one state to another with age (Boldsen et al. 2002; Milner,
et al., 2008).
The Transition Analysis method can also be used on fragmentary remains, since each trait
on each element is scored independently (rather than as a suite of traits as in traditional
methods). This is significant as fragmentary remains are a common occurrence in archaeological
samples (Bocquet-Appel and Masset, 1982; Boldsen et al., 2002; Kemkes and Grottenthaler,
2002; Algee-Hewitt, 2013; Shirley et al., 2015). Furthermore, when the method was initially
developed it was tested for age mimicry using a portion of the Terry Anatomical Collection not
previously used as a reference sample for the method. The target sample did not conform to the
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reference sample and so it was concluded that age mimicry was avoided. It may also be reliably
used on older individuals (50+) and can be applied to a single skeleton and not just one entire
population (Boldsen et al. 2002). In fact recent paleodemographic studies that utilized the
Transition Analysis method do document individuals in the later adult years, beyond 45 years of
age (DeWitte, 2014a and Wilson, 2014).
While preliminary applications of this method indicated that further clarification of
terminology and the location of skeletal features was necessary (Bethard, 2005; Uhl, 2013),
recent validation studies of the Transition Analysis aging method indicate that the method does
provide accurate age estimates when tested against a known age skeletal sample and that
interrater agreement is high (Milner and Boldsen, 2002; Wilson and Algee-Hewitt, 2009; Fojas
et al., 2015). This is significant as many traditional aging methods also maintain high inter-and
intra-observer error rates (Bocquet-Appel and Masset, 1982; Boldsen et al., 2002; Kemkes and
Grottenthaler, 2002; Algee-Hewitt, 2013; Shirley et al., 2015).
Overall, Transition Analysis is a reliable age estimation method and represents an
improvement over traditional aging methods as it limits some of the unreliability in estimating
the age of an unknown individual. Accurate age (and sex) estimates clearly have implications for
paleopathologists, those researchers who study the effect of disease on past populations, both
biologically and socio-culturally.

Traditional Interpretations of Skeletal Lesions
Accurate pathological diagnoses increase in accuracy when skeletons are complete, with
most of the necessary skeletal elements available for a differential diagnosis. Demographic
parameters are also best estimated in complete skeletons and ultimately this will aid the
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researcher in excluding other health conditions, if it is unlikely for an individual, based on age or
sex, to have experienced a certain health condition (Milner and Boldsen, 2012). For example,
porotic hyperostosis/cribra orbitalia is more likely to develop in children than adults. Males may
be more likely to be affected by Paget’s disease and females are more likely to exhibit
rheumatoid arthritis (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003). By determining
which individuals in a skeletal sample were affected by disease the paleopathologist will also
understand how the mortality distribution was formed and why certain individuals are
represented over others (Buikstra, 1976; Wright and Yoder, 2003; Milner et al., 2008; Milner and
Boldsen, 2012). However, it wasn’t until the publication, of a now seminal article, (Wood et al.,
1992a) that paleopathologists realized the true significance of accurate age and sex estimates as
they relate to paleodemography.
Traditionally, paleopathologists have measured disease frequency in a population by
calculating the number of lesions on individual skeletal remains. The elevated number of skeletal
lesions was used to indicate that the individual suffered from disease and thus poor health.
Conversely, the absence of lesions was used to indicate that the individual was not affected by a
disease or health condition and was therefore in good health. Furthermore, anthropologists did
not always consider the demography of the population and how their demographic estimates
affected their paleopathological investigations.
An example of this traditional approach is evident in the analyses conducted by Goodman
and colleagues (1984b). They analyzed 557 individuals at the Dickson Mounds Site (AD 9501200), located in the Central Illinois Valley, for the presence of abnormally short long bones,
enamel hypoplasias, Wilson bands (microscopic identification of perikymata caused by a
metabolic deficiency), porotic hyperostosis, infectious lesions, degenerative lesions (indicative of
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arthritis), traumatic lesions (postcranial fractures), and elevated mortality. The authors
hypothesized that a change in subsistence, namely the adoption of agriculture, and increased
population density and sedentism would negatively impact health. Furthermore, they suggest that
increased trade interactions with politically powerful groups in the same area also reduced their
health. Goodman and colleagues (1984b) subsequently documented an increase in several
skeletal indicators of stress through time and broadly inferred that the transition to agriculture
induced poor health. The authors did not note differences in frequency between active or
inactive/healed skeletal lesions which could have indicated whether an individual survived a
specific stress.
Additionally, the authors completed little demographic analysis. While age and sex was
recorded and the mortality profile was documented using life tables, the authors do not make any
inferences regarding the significance of age- and sex-specific lesion frequencies. This is
problematic because without understanding the mortality profile of the population the
anthropologist will not understand why specific health conditions are more prevalent than others.
An increase in specific childhood stresses may be due to the fact that there are more juveniles
present than adults and not necessarily because they had poor nutrition. Furthermore, they did
not link age-at-death to the presence of specific skeletal lesions which could have also indicated
age-specific patterns of mortality or survivorship. Doing so would have clarified the mortality
distribution of the final skeletal sample.

The Osteological Paradox
Wood and colleagues (1992a) have proposed an alternative method to interpret skeletal
lesions. While an entire population may be exposed to a stress that will affect risk of death, each
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individual may react differently to that stress, producing different skeletal reactions. This
heterogeneity in disease risk and reaction makes interpretation much less straight forward than
previously considered. Wood and colleagues (1992a) offer an example of how this can occur and
suggest that a skeletal sample may be composed of subgroups that react differently to stress. One
subgroup may not experience the stress and therefore not exhibit lesions, the second subgroup
may experience the stress, but only moderately so. This causes illness and skeletal lesions, but a
low frequency of deaths and these individuals die later in life from a different insult. The last
subgroup experiences a high amount of stress that causes many deaths immediately and therefore
skeletal lesions do not develop. However, in reality the anthropologist will only see two groups
in the skeletal sample, one with lesions and one without. The first and third groups, both without
lesions appear to have had the same health experience, but this was not the case. This
hypothetical example also elucidates the alternative explanation of skeletal lesions that Wood
and colleagues (1992a) proposed.
Pathological lesions of the skeleton only occur if the individual has survived long enough
with the disease to affect the skeleton. For example, individuals can live for an extended period
of time with tuberculosis and treponematosis before skeletal lesions manifest. This indicates
long-term survivability (Chapter 2). Paradoxically then, the presence of a lesion may indicate a
good immune response and therefore good health. Similarly, it is also possible that the skeleton
will not exhibit skeletal lesions at all due to a sufficient immune response. Therefore, the
individual will not exhibit any skeletal lesions (Ortner and Aufderheide, 1991; Ortner, 2003;
2009).
Wood and colleagues (1992a) discuss two factors that will affect the mortality
distribution of a skeletal sample: hidden heterogeneity in risks and selective mortality. Hidden
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heterogeneity means that each individual has a different frailty level or risk of death due to
genetics, socioeconomic status and other factors largely invisible to the anthropologist. Due to
this heterogeneity, those individuals within an age cohort, with the highest risk of death, are
more likely to die or be selected for death. It is this selectivity that affects the mortality
distribution that is available to the anthropologist. For example, porotic hyperostosis/cribra
orbitalia may be particularly common in a population with a large juvenile subpopulation.
However, since each individual is heterogeneous in their frailty level, or age-specific risk
of death, Wood colleagues (1992a) note that aggregate, population level, interpretations of health
cannot be applied to the individual. Due to selective mortality, the ages at which an individual
died only represents risk of death for that particular age group (Wood et al., 1992a). The
incidence of visible lesions on these individuals will be higher among the dead than the living, as
it is these lesions that are associated with frailty and therefore risk of death (Milner et al. 2008).
Since the presence of skeletal lesions may be interpreted as either a sign of good or bad health
(Goodman et al., 1984b; Wood et al., 1992a), Wood and colleagues (1992a) assert that the
significance of skeletal lesions for the individual can only be understood once their association
with risk of death is known.

Risk of Death
Frailty is defined as an individual’s age specific risk of death (Vaupel et al., 1979;
DeWitte and Wood, 2008). An individual’s frailty can be estimated based on the presence of
antemortem skeletal stress markers, such as LEH, PH/CO and short stature that may be linked to
events during life that increased his/her risk of death (DeWitte and Wood, 2008). Since this
differential frailty influences the mortality of each individual it is frailty that affects the age and
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sex distribution within a skeletal sample. The skeletal sample is thus composed of those
individuals at the highest risk of death for each age cohort. Calculating crude frequencies without
regard to demographic factors does not reliably reflect the health experiences of past populations
(Wood et al., 1992a; Boldsen, 1997; Milner et al., 2008; Milner and Boldsen, 2012).
Boldsen (1997) compared the crude frequencies of dental caries in the medieval Danish
cemetery at Tirup to the age and sex specific frequencies of dental caries. The crude frequencies
did not indicate any difference in the expression of this lesion between the sexes. However, the
age and sex specific frequencies indicated that 30-45 year old females exhibited more
frequencies than males in the same cohort. It is possible that for females at this age, their risk of
death increased from the presence of active caries. This may not be true for males since the
presence of active caries at death was independent of age.
Boldsen’s study (1997) demonstrates that age and sex specific frequencies are more
informative about the health experiences of past populations rather than crude, population level,
frequencies. Without considering the age and sex specific frequencies of individuals within a
population, researchers will not understand the role of selective mortality in the formation of
skeletal samples and they will not truly appreciate how the dead sample does not represent the
once living population (Milner and Boldsen, 2012).

Paleopathology and Selective Mortality: A Representation of the Living Population?
Due to hidden heterogeneity and its affect on selective mortality, the dead sample does
not represent the once living population (Wood et al. 1992a; Milner et al. 2008). In addition to
paleopathological factors, there are several external and environmental reasons that the dead do
not represent the living. It is possible that some individuals migrated away from the population

70

before death, and so they will not be included in the burial area or cemetery. Similarly,
individuals of different ages, sexes or social class, may be buried away from the rest of the
population and then not excavated by archaeologists later on. Additionally, it is possible that
individuals from the cemetery are moved from their initial place of burial to a secondary burial,
also not excavated by the anthropologist (Waldron, 1987; 1994; 2007; Milner et al., 2008).
Even if a skeleton is included in the buried portion of the population, that individual must
be sufficiently preserved and be recovered. Not only may the individual be subjected to
environmental insults that can affect preservation, the bones themselves can have inherent
qualities that make them more or less likely to preserve. Thicker cortical bone is more likely to
survive than thin cancellous bone (Milner et al., 2008). Similarly, the small bones of the hands
and feet may be lost during excavation as well as the smaller and more delicate bones of
juveniles (Waldron, 1987; 1994; 2007; Milner et al. 2008).
The only skeletons that are available to study are the ones that survived the burial and
excavation processes. Even if the bones survive the burial process and are well preserved to be
excavated, there is no guarantee that they will in fact be recovered. Historically, it was those
populations or individuals within a population that had significant artifacts who were
preferentially excavated. Additionally, sometimes the bones were not recovered and only the
artifacts were, or in some cases only part of the skeleton was removed (Milner et al., 2008). The
very act of recovery itself can lead to a loss of information. Bones may be further damaged when
they are removed and prepared for storage (Waldron, 1987; 1994; 2007). Ultimately, a loss of
bone means that the paleopathologist is unable to make a diagnosis and therefore disease
frequency will not be accurately represented in the eventual skeletal sample (Waldron, 1987).
Archaeological effects coupled with the concepts of heterogeneous frailty and risk of death,
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introduces yet one more reason why the dead sample does not represent the once living
population.

Life-tables: A Representation of the Living Population?
To address the problem of representing the living population from the dead population,
Wood colleagues (1992a) advocated using more refined methods of estimating age-specific
mortality than the historically popular life-table approach. In addition to the problems with lifetables already discussed, life-tables also assume that risk of death remains constant throughout an
individual’s entire lifetime (Sattenspiel and Harpending, 1983; Milner et al., 2008). This is also
an unrealistic assumption as it is known that juveniles, young adults and older adults are at risk
of death from different health conditions. For example, juveniles are much more likely to be
affected by a nutritional deficiency than adults are, as discussed in Chapter 2. Since the number
of individuals who die at each age is affected by these variations in risk of death, the growth rate
of the population, is also affected by risk of death (Frankenberg and Konigsberg, 2006; Milner et
al., 2008). By not taking into account this differential risk of death, or hidden heterogeneity
(Wood et al., 1992a), the mortality distribution will not be accurately documented.
Finally, life-tables are not suited to accommodate archaeological samples. Life-tables
require an accurate record of deaths for each age and an accurate record of how long an
individual was exposed to a risk of death for that age. This is information that is unavailable to
the paleodemographer. Life-tables also assume that the age of each individual is known and that
the age estimate has the same margin of error for each individual. Discrete age intervals are
unlikely to be estimated in an archaeological sample, particularly with fragmentary remains,
where only a few age indicators are available. Archaeological samples may also be composed of
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small sample sizes, such as a few hundred individuals. This is problematic for life-table analyses
since they require one age-specific mortality rate for each age class. With so few individuals in
an archaeological sample, there is unlikely to be more than a few age classes, meaning that
archaeological samples cannot be evaluated with life-tables requiring multiple age classes (Wood
et al., 2002). Since these criticisms of life-tables and paleodemographic estimates were exposed,
several alternative methods for calculating the mortality profile of a population have been
suggested (Bocquet-Appel and Masset, 1982, Wood et al., 1992a; Konigsberg and Frankengburg,
1994; Wood et al., 2002; Frankenberg and Konigsberg, 2006, Milner et al., 2008).

Parametric Models
The application of Bayes Theorem in biological anthropology has found further support
in the way in which statistical analyses are conducted. Konigsberg and Frankenberg (2013b)
suggest that biological anthropologists adopt this methodology, primarily relying on prior
information and probabilistic analyses rather than relying solely on frequentist and descriptive
statistics (i.e. hypothesis testing). This will enable researchers to better estimate an unknown
parameter using prior information. Konigsberg and Frankenberg (2013b) and Wood and
colleagues (1992b) have suggested that paleodemographic analyses would benefit from the
application of hazard analyses that apply Bayes Theorem.
Parametric tests estimate the parameters of a population. These numerical parameters
represent various pieces of information about population data. Parametric models represent an
alternative to life-table analyses, although the parameters are analogous to the columns in life
tables (Wood et al., 1992b; Wood et al., 2002; Frankenberg and Konigsberg, 2006; Milner et al.,
2008; Konigsberg and Frankenberg, 2013b). Parametric models estimate μ(a), the age specific
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mortality rate (based on age at death, a), S(a), the probability that an individual will live from
birth to a specific age (or the survival function which is based on age at death estimates) and
ƒ0(a), the probability density function of age at death, derived from the, hazard rate or μ(a). In
life-tables, this is the central mortality rate calculated from S(a), the survivorship column in a
life-table. Lastly, in life-tables ƒ0(a) is the age at death distribution (Chapter 6), estimated using
discrete age estimates, such as those obtained from Transition Analysis (Wood et al., 2002).

Hazard Models
Hazard models, so called because they estimate the hazard, or risk of death, use
paleodemographic information (i.e. age, sex and skeletal lesions) to estimate this risk (Wood et
al., 2002). Hazard models, also called survival analysis, allow the researcher to determine when
an event, such as death, will occur. Individuals within a population must be identified as being in
transition from alive to dead (Tuma, 2008; Frankenberg and Konigsberg, 2013a). Hazard models
are often utilized in analyses of censored data, as in longitudinal studies. Censoring occurs when
the researcher does not know when a specific event occurred and therefore it is not known how
long an individual survived a certain type of risk. This may be due to the study ending;
individuals are lost to follow-up or death (if death is not the event that is being studied). There
are two kinds of censoring, right-censored and left-censored. Right censored data occurs when
the event that is being studied does not occur due to death, the individual leaves the study or the
study ends. Left-censored occurs when survival time (or time to failure) is shorter than follow-up
time. Most data is right censored (Wood et al., 1992b; Kleinbaum and Klein, 2012).
There are several hazard models available to researchers that are applicable under certain
conditions and that have found acceptance within the field (Wood et al., 2002; Frankenberg and
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Konigsberg, 2006). An example of one such model is the Siler model (Siler, 1979). The Siler
model is a parametric hazard model that estimates risk of death based on three causes: juvenile
mortality, mortality due to old age and causes not related to death. As such, it analyzes risk of
death across the entire lifespan of an individual. These three causes of death are independent of
one another and so if death is not caused by one of these two hazards, it may be caused by the
third (Gage, 1991; Wood et al., 2002; Milner et al., 2008).
Gage and Dyke (1986) applied the Siler model to 40 different life tables from all over the
world. The Siler model was found to reliably model these life tables. This result was supported
by subsequent research that compared this model to life tables created from archaeological
remains and census data from a living population. Furthermore, in this study it was found to be
reliable even for incomplete archaeological data (Gage, 1988). This research demonstrates that
hazard models can be applied to the same type of data as life tables and achieve the same result,
that is, the two forms of analysis can document equivalent information.
Lastly, Gage (1991) found that each of the parameters of the Siler model adequately
accounts for the biological hazards it is associated with. In an analysis of 330 life tables, from
Europe, Africa, Asia and Latin America, the author found that the senescent component of the
Siler model is associated with degenerative diseases related to aging (i.e. cardiovascular disease,
neoplasms and influenza) and that the residual component that accounts for death unrelated to
age, was associated with infectious diseases (i.e. tuberculosis, influenza, pneumonia and
bronchitis) as well as accidents and violence. Lastly, the immature component was associated
with causes of death to young individuals (i.e. infant diseases, infectious disease, influenza,
pneumonia, bronchitis and diarrhea).
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One of the drawbacks of the Siler model is that the immature, or juvenile component
might not accurately represent paleodemographic data as there is no known source of this risk
and juvenile skeletal samples are often small (Wood et al., 2002). Despite these problems, the
Siler model has since been found to be useful when estimating juvenile mortality in
paleodemographic research as it considers the early life of an individual when risk of death is
increased, but then decreases afterwards (Wood et al., 2002; Wilson, 2010; DeWitte, 2010b;
Redfern and DeWitte, 2011). However, this project is not concerned with juvenile mortality, but
rather adult mortality. Throughout the adult lifespan, individuals may be subject to any number
of risks of death.
Gage (1989) recognized the importance in understanding that human populations may not
be homogenous for mortality and that individuals may be subject to different risks of death. This
concept has found acceptance within anthropology and paleodemographic estimates since the
publication of the Osteological Paradox (Wood et al., 1992a). This differential risk of death
needs to be taken into account statistically (Gage, 1989). One of the drawbacks to the Siler
model and the Gompertz-Makeham model (further described below) is that they assume that
each individual is homogenous in their risk of death, which is not assumed in anthropological
research (Wood et al., 2002). The Gompertz-Makeham model is a modification of the Gompertz
model which assesses risk of death with two parameters: adult mortality and the increase in
mortality with age (Gage, 1989; Wood et al., 2002).
One way to deal with the assumption that each individual is homogenous in their risk of
death, is to use a mixed-Makeham model that utilizes two Gompertz-Makeham models where the
population is divided into two subgroups. However, doing so may be impossible because
paleodemographic samples are often too small to permit more than two subgroups. One of the
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easiest aspects of heterogeneity to estimate (or difference between individuals) is to estimate risk
of death separately for each sex (Wood et al., 2002). This suggestion is followed in this project.
In order to estimate risk of death in this project, the Gompertz-Makeham and Gompertz
models were used. These models have been found reliable in other paleodemographic analyses
(Wood et al. 2002; Milner et al. 2008; Wilson, 2010;2014; DeWitte, 2009; DeWitte, 2010b,
Jatautis et al., 2011; Redfern and DeWitte, 2011; DeWitte and Hughes-Morey, 2012; DeWitte et
al. 2013; Redfern et al., 2015). The Gompertz-Makeham model adds a third parameter to the
Gompertz model: random causes of death that are not age related. These causes of death may
include accidents or other events that can occur at any age, regardless of the frailty level (Gage,
1989; 1991; Wood et al. 2002).
The addition of the Makeham component was beneficial to the Gompertz model because
it was found to better account for risk of death in the 30-80 year lifespan in Makeham’s original
1860 study (Gage, 1989). The three parameters of this model are treated as independent causes
of death. If an individual does not succumb to one of the three causes (general adult mortality,
increased mortality from age and death not related to age) he/she is still susceptible to the other
two causes of death (Gage, 1989; Wood et al., 2002; Milner et al., 2008). This is significant
because models such as this, that model mortality, where each cause of death is independent of
the other, is considered to be right-censoring (Wood et al., 1992b).

Non-Parametric Tests
Parametric models are those that maintain a specified hazard function, or time to death.
Non-parametric, also referred to as semiparametric models, are often preferable to parametric
models because they do not assume that the hazard function is known. Non-parametric tests are
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useful for right-censored data, in which the survival time is not known, causing observed
survival time to be shorter than what actually occurred (Wood et al., 1992b; Kleinbaum and
Klein, 2012). Kaplan-Meir estimates with log-rank tests and Cox proportional hazard models are
semiparametric methods because the hazard rate does not change with time (Wood et al., 1992b;
Kleinbaum and Klein, 2012). Additionally, these types of tests are applicable to
paleodemographic studies where the sample sizes of subgroups are reduced (Wilson, 2015,
personal communication). With fewer individuals in the sample size the hazard rate (μ(a)) would
be difficult to estimate since there are fewer discrete ages at death to estimate it from (Wood et
al., 2002).
Kaplan-Meir survival analysis with log-rank tests are useful in order to estimate
survivorship of a group of individuals. The log-rank test compares two Kaplan-Meier curves
(plots) and tests the null hypothesis that there is no difference between two survival curves
(Kleinbaum and Klein, 2012). The log-rank test uses a chi-square statistic with one degree of
freedom and generates a p-value. While other comparison tests are available, the log-rank test is
the most popular (Rich et al., 2010; Kleinbaum and Klein, 2012) and has been used in several
other paleodemographic studies that compared the survivorship of two groups. DeWitte (2014b;
2015) used this methodology to compare time periods as covariates and Wilson (2010) used this
method to compare lesion presence/absence.
The Cox proportional hazard model accounts for the hazard of an individual at a given
time (or in the case of the current project, age) with a certain group of explanatory (or predictor)
variables. These variables (stress status in the current project) are used to determine an
individual’s hazard of death. This model is considered to be part of a class of statistics referred to
as ‘robust’ since the results generated may be similar to those of parametric models. This model
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has been found to be reliable in other paleodemographic studies (Wilson, 2010) as well as
clinical studies concerned with survival time (Spruance et al., 2004). Lastly, the Cox
proportional hazard model represents an improvement over logistic models (those concerned
with predicting outcomes such as death) when survival time is known and censoring has
occurred. Logistic models do not account for either of these issues (Kleinbaum and Klein, 2012).

Challenges To The Osteological Paradox
Wood and colleagues (1992a) note that the interpretations in the edited volume by Cohen
and Armelagos (1984), that the agriculture transition and population sedentism led to an increase
in the spread of pathogens (and therefore disease) and poorer diet, while possible, is not the only
explanation for the increase in stress markers observed on skeletal remains. The increase in
skeletal lesions may in fact represent a good immune response and the ability to survive a disease
event. In addition Wood and colleagues (1992a) agree that a decrease in the average age at death
may be related to an increase in fertility and not mortality (Sattenspiel and Harpending, 1983). In
turn, this may indicate the consumption of higher quality foods that are easier for weaning.
Fertility may have increased because mothers would not have been encumbered by their still
nursing children who could consume food. However, these alternative explanations proposed by
Wood and colleagues (1992a) have not escaped challenge. One of the authors of Paleopathology
at the Origins of Agriculture, M.N. Cohen, has written prolifically regarding these explanations.
Cohen states that prior to the agricultural transition, most human groups relied on hunting
and gathering. These methods of food acquisition were less cost effective and required more
energy than farming, but the skeletons from hunting and gathering populations do not show the
same high frequency of skeletal stresses as those individuals from agricultural sites. Since
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farming was more detrimental to health than hunting and gathering was and the latter method
required more effort, farming may only have occurred because people were forced to do so
(Cohen, 1997; 2008; 2009). Furthermore, the work required for agricultural foods (cereals) does
not provide enough of a caloric intake, compared to that of hunting and gathering, to make
agriculture beneficial. Food that can be immediately consumed is more desirable since food that
is stored, as in farming, may be lost later. As more physical work is required for food that must
be stored, a change in food acquisition (towards agriculture) was based on need, not choice
(Cohen, 2009).
Regarding the argument that changes in mortality may in fact reflect fertility, Cohen
suggests that the increase in fertility may be due to increased caloric intake, increasing body fat,
thus decreasing the age at menarche and permitting more pregnancies to occur (Cohen, 2009).
An increase in fertility must then have led to an increase in mortality and therefore a decrease in
longevity. Furthermore, Cohen asserts that increased longevity of individuals, rather than
increased fertility, within a population would not provide enough of an increase in the population
to account for the increase in pathologies visible on the skeleton (Cohen, 1997; 2008; 2009), as
Wood and colleagues (1992a) assert.
Cohen (2008) further suggests that population increase and a sedentary lifestyle also
explains the apparent increase in infectious diseases like tuberculosis and parasitic infections.
Intestinal infections and diarrhea that are population dependent are also hypothesized to be the
leading reason why an increase in juvenile mortality occurred. A decrease in breastfeeding and
therefore immunological protection through the mother’s antibodies may have increased infant
mortality, therefore explaining the increase in juvenile skeleton remains that Wood and
colleagues (1992a) suggest is due to an increase in fertility.
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Regarding hidden heterogeneity and selective mortality, it is possible for an individual to
die from an accident, rather than due to some underlying condition, or it is possible for a skeletal
health condition to contribute to other causes of death. Skeletal lesions are not necessarily
associated with hidden heterogeneity and/or selective mortality and so the dead population may
in fact represent the living population (Cohen, 1997).
Since the initial publication of Paleopathology at the Origins of Agriculture (Cohen and
Armelagos, 1984), one of the authors (M.N. Cohen, 2007), has recognized that several problems
with the original data exist:
1. There are examples of populations with an increase, not a decrease in health,
2. Only North American sites were analyzed,
3. The data did not indicate whether the adoption of agriculture or represent the transitional
time frame,
4. the techniques to identify pathologies were not uniform across the study,
5. the effects of demography, sedentism, nucleation, plant/animal domestication,
foraging/agriculture, government or social stratification was not taken into account,
6. there was no documentation of economy or health,
7. reconstructions of life may have obscured paleodemographic estimates
8. studies of paleopathology do not reflect the once living population (Cohen, 2007).
An edited volume was published to rectify some of these problems (Cohen and CraneKramer, 2007). This volume did expand the geographic focus of the studies, with articles
discussing skeletons from across the globe, as well as across North America. Some authors did
agree with the original assessment of Cohen and Armelagos (1984) that health decreased with
agriculture (Larsen et al., 2007), while others did not (Danforth et al., 2007). This does support
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Wood and colleagues’ (1992a) supposition that both interpretations may be correct, given the
circumstances of the skeletal sample.
Building on the work of Cohen and Armelagos (1984), Steckel and Rose (2002),
collected skeletal data (both demographic and pathological) from 65 archaeological sites (12,
520 skeletons) from the Western Hemisphere. The authors sought to standardize the way in
which skeletal lesions are recorded and referred to the study as The Western Hemisphere Project.
The authors developed a health index (mathematical calculation) to quantify the health
experiences of past populations. This index was based on demographic attributes of the
individual as well as the presence of skeletal health conditions and was used to measure health
from skeletal remains. Conditions measured include: stature, linear enamel hypoplasias, anemia,
dental health, infections, degenerative joint disease, and trauma. The methods to collect this
information were standardized across all groups. This is significant because it ensures that
individual measurements can be compared to one another within this individual project.
An exceptionally large data set was utilized. The authors used this information to
calculate “quality of life” based on age-specific rates of skeletal lesions. However, length of life
is assumed to be the same across all populations (Steckel et al., 2002). This does not represent a
departure from the life-table approach which assumes biological uniformitarianism (Wood et al.,
2002) and for which paleodemography has been previously critiqued (Angel, 1969; Howell,
1976; Bocquet-Appell and Masset, 1982; Sattenspiel and Harpending, 1983; Buikstra and
Konigsberg, 1985). Each population ages differently from one another. Therefore, not every age
class will be found in every population and only certain aging methods can be used for certain
populations (Buikstra and Konigsberg, 1985).
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Similarly, the health index relies on the Maresh reference population (Denver, Colorado)
in order to calculate stature and the Model West level 4 life-table (Coale and Demeny, 1983) to
estimate life expectancy in order to calculate quality-adjusted life-years. Paleodemography has
been similarly critiqued for the use of a reference sample as it can lead to age mimicry.
Furthermore, Steckel and colleagues (2002) do not estimate age for adults beyond 45 years and
rather place them all in the same age category, something else paleodemographers have been
critiqued for (Bocquet-Appel and Masset, 1982). Lastly, Steckel and colleagues (2002) are
concerned with population level health, rather than individual health. This is in stark contrast to
the assertions of the Osteological Paradox, as it was pointed out that individual mortality
ultimately shapes the final skeletal sample (Wood et al., 1992a).
Steckel and colleagues (2005) interpret the Osteological Paradox as a function of
individual longevity.

For an individual to exhibit skeletal lesions he/she must live for an

extended period of time in order for the pathologies to be visible before death. Similarly, the
occurrence of a limited number of skeletal lesions indicates that death was probably due to bad
luck from sudden, immediate events (Steckel et al., 2005). This is similar to Cohen’s (1997)
assertion that hidden heterogeneity may not occur as individuals can die due to accidents. This
interpretation ignores the fact that it is possible for a lesion to heal before death, making the
individual appear as though he/she never suffered from the condition at all (Wood et al., 1992a).
Overall, while this research has made important strides since the publication of
Paleopathology at the Origins of Agriculture (Cohen and Armelagos, 1984), the authors
ultimately still rely on the traditional method of counting skeletal lesions, rather than considering
the significance of these lesions for selective mortality and risk of death. The fundamental basis
of their argument is still that the presence of a lesion indicates poor health. Furthermore, several
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opponents of the Osteological Paradox seem to disregard the affirmation of Wood and colleagues
(1992a) that both sets of explanations may be correct in different circumstances. In fact Steckel
and colleagues (2005) make the same assertion that the Osteological Paradox may not
necessarily occur in all populations.

A Paradigm Shift for Paleodemography
Utilizing the theories of the Osteological Paradox, several researchers have begun to
examine the complete relationship between early stress events and risk of death in adulthood. For
example, DeWitte and Wood (2008) analyzed 490 individuals from the East Smithfield, London
Black Death cemetery (1348 A.D.) and compared them to individuals in a medieval pre-Black
Death Danish cemetery (1345 A.D.). This cemetery was used to represent mortality under nonepidemic conditions. The two cemeteries were compared because the authors sought to
determine whether the Black Death killed regardless of frailty or whether it was selective with
regards to death. Maximum likelihood estimates of the parameter associated with an increase in
risk of death indicated that lesions associated with a pre-existing condition, such as linear enamel
hypoplasias, porotic hyperostosis and/or cribra orbitalia and tibial periostitis, were associated
with an increase in mortality more so in the Danish sample than in the East Smithfield sample.
Individuals with these lesions were at a higher risk of death in both samples; however, this risk
was higher in the Danish sample.
DeWitte and Wood (2008) suggest that more healthy individuals (i.e. those without
lesions) died during the Black Death than would have happened under normal mortality
conditions because it was a particularly virulent epidemic and the disease did not discriminate
between healthy and unhealthy individuals as much as under normal mortality. Overall, this
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study demonstrates that death is selective with regards to frailty, regardless of the context, since
individuals with a pre-existing condition were more likely to die than those without (DeWitte
and Wood, 2008).
DeWitte and Hughes-Morey (2012) built on this study and compared the risk of death
associated with short stature between those individuals living during the Black Death in London
and those individuals living during normal mortality (i.e. non-epidemic) conditions in Denmark
(1100s-1500s A.D.) The Danish individuals were from a combined sample from the St. Mikkel
and Albani Church cemeteries. DeWitte and Wood (2008) had previously indicated that short
stature was not an indicator of frailty in either time period, yet DeWitte and Hughes-Morey
(2012) felt that the analytical approach was inadequate to document a relationship. Therefore,
they calculated height based only on the maximum lengths of the tibia and femur for males and
females separately. An individual was considered ‘tall’ or ‘short’ if he/she was one standard
deviation above or below the average stature, respectively. The results from the East Smithfield
cemetery indicated that shorter individuals were more likely than tall people to die during the
epidemic, i.e. under abnormal mortality conditions. There was no correlation between stature and
risk of death in the Danish sample, which suggests that stature is not a selective force under
normal mortality conditions. This means that stature is only selective under epidemic conditions.
DeWitte and Hughes-Morey (2012) offer two explanations for this phenomenon. First they
suggest that whatever stresses caused short stature in the Danish sample affected risk of death
less so than other stresses that are capable of causing things like porotic hyperostosis. During the
Black Death however, there was no difference between the effects of these various stressors,
meaning that an individual with any stress marker had an increased risk of death. Second, it is
possible that in the Danish sample, less frail people survived into adulthood than in the Black
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Death sample. Therefore, if fewer young individuals survived into adulthood this would limit the
variation in risk of death for adults. Regardless of which explanation is correct, this study again
highlights that mortality is selective under specific conditions.
Elevated risk of death associated with earlier stress estimates have also been documented
in a Lithuanian sample. Jatautis and colleagues (2011) documented a higher risk of death among
adult and juvenile individuals with cribra orbitalia in a 14th century Lithuanian sample than those
without this skeletal lesion. Interestingly, males without this condition lived longer than those
with cribra orbitalia and no difference was documented for females. The authors suggest that
whatever condition caused cribra orbitalia, males may have been more susceptible than females,
or that the most susceptible females died before maturity and so sex was indeterminate for these
individuals, therefore affecting the sample size. This study supports other studies that mortality
may be selective with regards to specific skeletal makers. However, it is also possible that,
mortality may be selective regarding sex.
Again analyzing individuals from the East Smithfield cemetery in London for LEH,
PH/CO and tibial periostitis, DeWitte (2010a) further documented that individuals with a preexisting condition (frail individuals) were at an increased risk of death from the Black Death
over those individuals without a pre-existing condition. However, this risk was higher for frail
males than for frail females. It is possible that frail males were more likely to die than healthy
males, more so than frail females when compared to healthy females. However, it is also possible
that the Black Death was more selective for females, regardless of their frailty level and
eliminatedmore healthy females than healthy males. However the data is interpreted, the study
does indicate that sex-specific selective mortality does and can occur, particularly when analyzed
in conjunction with skeletal stress markers (DeWitte, 2010a).
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A similar study by DeWitte and Bekvalac (2010) considered the occurrence of oral health
in the St. Mary Graces cemetery, a medieval cemetery in London, and associated risk of death.
Oral pathologies, such as periodontitis and dental caries, were associated with an increase in risk
of death compared to those individuals without these pathologies. It is possible that these
pathologies permitted other infections to enter the body. It is also possible that individuals with
these conditions had a poor immune response, which increased their risk for these oral conditions
and other health conditions or that the body could not monitor the amount of cariogenic oral
bacteria.
DeWitte and Bekvalac (2010) suggest that periodontitis may have been associated with
infectious disease. While degenerative diseases such as cancer or cardiovascular disease may be
a risk factor for periodontitis, degenerative diseases have only become common in recent times
replacing the prevalence of infectious diseases (DeWitte and Bekvalac, 2010). While this article
does not indicate which health conditions, in particular caused death, it does indicate that frailty
can be understood through the analysis of dental pathologies, and not simply skeletal stresses
such as short stature and CO/PH (DeWitte, 2008). Furthermore, while the authors acknowledge
that their measurement criteria for periodontitis may cause false positives to be included in the
sample, they do not discuss the potential for taphonomic processes to alter the alveolar bone or
dentition, mimicking these pathologies. It is not noted what, if any, affect the burial process had
on these skeletal elements.
DeWitte (2012) compared the risk of death between the East Smithfield cemetery and
another medieval London cemetery, St. Mary Graces with respect to periodontal disease. The St.
Mary Graces cemetery revealed a higher occurrence of periodontal disease in males than in
females. The same is true for the East Smithfield cemetery, although the sex difference is not as
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great. Sex was positively associated with periodontal disease for the St. Mary Graces sample but
not the East Smithfield cemetery. Furthermore, periodontal disease was also more common
among older individuals in the St. Mary Graces sample. It is suggested that males in this sample
were at a higher risk of exhibiting this condition than females. While these differences may
reflect variable selective mortality, it is also possible that they reflect a difference in food access
or diet between the two samples and ultimately between the two sexes. While this study did
indicate sex differences, it also indicates the importance in considering the social and
environmental context of the population under study (DeWitte, 2012).
Age-specific selective mortality has also been demonstrated to affect the mortality
distribution in a skeletal sample. DeWitte (2010b) again analyzed adult and juvenile individuals
from the East Smithfield cemetery and compared them to a Danish skeletal sample. Since the
juvenile mortality risk was found to increase with age and not decrease in early childhood, the
author felt that sampling bias (i.e. a small juvenile sample) may be a confounding factor as these
results reflect non-normal mortality. Normal mortality would indicate a higher risk of death at
birth that decreases with advancing juvenile age.
Among adults, the hazard analyses indicated that risk of death was higher for older
individuals in the East Smithfield cemetery than in the Danish sample. However, the risk of
death associated with old age increased faster in the Danish sample than the East Smithfield
sample. It is therefore possible that risk of death for older individuals decreased for the East
Smithfield group more so than in the Danish sample during normal-mortality. However, this
would only be true if juveniles in the Black Death sample had an increased risk of death but this
was not found (DeWitte, 2010b). Another possibility is that the Black Death killed healthy
people (i.e. that it was not as selective against frail people). Thus, the risk between young and old
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adults in the Black Death sample would be lower than in the Danish sample. This would mean
that selective mortality would be higher for the young adults in East Smithfield than in Denmark
(since older adults had a higher risk in the East Smithfield sample), but this was also not found.
Overall the author concludes that older individuals with the Black Death had an increased risk of
death than when compared to younger individuals (DeWitte, 2010b).
In addition to selective mortality with respect to pathological lesions, some researchers
have also considered risk of death associated with warfare related trauma. In a study on the
Norris Farms 36 Cemetery sample (ca. AD 1300) located in west-central Illinois, Milner and
colleagues (1991) document the trauma experienced by this population. The authors
hypothesized that physical disabilities, such as dislocations, fractures or infected bones, may
have made it more difficult for individuals to escape attackers. Subsequent studies have
investigated this relationship.
Steadman and colleagues (2009) later specifically investigated the relationship between
risk of death from warfare related trauma and pre-existing conditions such as periostitis,
osteomyelitis, tuberculosis or treponematosis, arthritis at the shoulder, elbow, hip or knee,
dislocations, antemortem cranial trauma (fractures, scalping) and antemortem postcranial
fractures in two prehistoric skeletal samples. The authors utilized demographic and pathological
data from the Orendorf cemetery (AD 1150-1250) and the Norris Farms #36 cemetery (AD
1275-1400), both located in west-central Illinois. The authors sought to estimate the difference in
the risk of death from warfare-related trauma between those individuals with a pre-existing
condition and those without. The authors did not find a difference between these individuals.
However, the authors did document that the average age of death for victims of warfare was
lower than those not affected by warfare, although this was not statically significant.
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Increased risk of death from healed cranial vault trauma was documented in three
medieval to early modern Danish skeletal samples (Boldsen et al., 2015). The type of trauma
documented was determined to be interpersonal violence as it was healed, located mostly on the
frontal and parietal bones and predominantly among males. Boldsen and colleagues (2015) found
that the average age at death for males was 42.5 years. Males with trauma died on average at
41.0 years and those without trauma died on average at 42.7 years. Males below the age of 35
had more injuries than those above 35 years of age, although this was not statistically significant,
possibly due to small sample size. This further supports the notion that risk of death was
increased for individuals with trauma. A simulation of the expected life span of these individuals
indicated that individuals with trauma had a six times greater risk of death compared to those
without trauma. Due to the location of this trauma, it is possible that this death was due to brain
injuries. This increased risk may have been due to either previous violent events/occupations or
the cranial trauma caused soft tissue disabilities that decreased function or cognition as occurs
from brain injuries in a modern context. Overall, it is suggested that these injuries made it
difficult for the individual to remain self-sufficient as was expected in this time period in Europe
(Boldsen et al., 2015).
Together, all of these studies indicate that individuals may be differentially selected for
death based on age, sex or a pre-existing condition, such as a biological stress or trauma.
Furthermore, even under epidemic conditions, (such as the Black Death) mortality is selective
with respect to age, sex or pre-existing conditions. This means that the anthropologist can never
assume that the population is representative of the once living population since there is always
some level of hidden heterogeneity affecting the skeletal sample (Wood et al., 1992a; DeWitte
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and Wood, 2008; DeWitte, 2010b). Ultimately this will affect the composition of the skeletal
sample.

Paleodemographic Measurements of Health
Anthropologists have moved beyond simply counting the crude frequencies of skeletal
lesions (Goodman et al., 1984b; Boldsen, 1997), to considering the meaning of these lesions for
the individual and individual frailty (Wood et al., 1992a; DeWitte and Wood, 2008) to now
questioning what the term ‘health’ actually means and how researchers can measure ‘health’ in
skeletal remains. Death is more easily understood than health. Death is an “absorbing state”
(Gage and DeWitte, 2009:649) in which unhealthy individuals within a population are at a higher
risk of death than healthy people. There are various ways that ‘health’ can be defined within a
given context. If ‘health’ is based on the presence/absence of skeletal lesions, a change in lesion
frequency would only indicate a change in the disease responsible for those lesions, which means
that other factors that affect health and death will not be accounted for by the anthropologist
(Gage and DeWitte, 2009). Relying solely on the presence/absence of a skeletal lesion to
understand the effect of disease in the past population may not be the most effective indicator of
health.
Since the publication of the Osteological Paradox (Wood et al., 1992a) several
researchers have sought to incorporate the theories of Wood and colleagues to understand the
significance of these lesions for the individual and how an individual becomes part of the dead
sample. As has been noted, the dead do not represent the once living population and estimating
the relationship between skeletal lesions and mortality will enable anthropologists to understand
how these individuals became part of the cemetery (Wilson, 2014).
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At the 82nd Annual Meeting of the American Association of Physical Anthropologists a
symposium was held, entitled “Reconciling ‘Stress’ and ‘Health’: What Can Bioarchaeologists
Learn from Other Subdisciplines?” The presentations from this symposium were later published
in a special issue of the American Journal of Physical Anthropology (volume 155, no.2 October,
2014). These publications moved beyond the question of risk of death and the significance of
skeletal lesions to how anthropologists and bioarchaeologists measure and quantify ‘health’. This
new area of inquiry represents a novel way to consider the Osteological Paradox. The
significance of the visible (or not, as the case may be) skeletal lesion can only be understood
once their association with risk of death is known (Wood et al., 1992a) and so now the
anthropologist must determine what these lesions mean regarding health in the past (Wilson,
2014).
DeWitte (2014a) analyzed the relationship between periosteal lesions and risk of death.
The author compared several pre-Black Death cemeteries (St. Mary Spital, Guildhall Yard, and
St. Nicholas Shambles) and one post-Black Death cemetery (St. Mary Graces) for this risk of
death. In this study, the author paid close attention to the age-at-death distribution of this skeletal
lesion in an effort to avoid the long held assumption that the frequency of a skeletal lesion is
indicative of health. Overall, periosteal lesions were more common in the post-Black Death
skeletal sample than in the pre-Black Death sample. Most of the individuals in this skeletal
sample with periosteal lesions lived longer than 45 years of age. This could indicate that health
was worse after the Black Death than before it. However, this assumption is true only if ‘health’
is interpreted as the lack of skeletal lesions, as per traditional explanations (i.e. Goodman et al.,
1984b).
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DeWitte (2014a) suggests that ‘health’ may be interpreted relative to longevity rather
than the presence or absence of a particular skeletal lesion. DeWitte (2014a) goes on to say that
health may have improved for any number of reasons and may have caused lower frailty postBlack Death which, in turn, meant that less people succumbed to the conditions that caused the
periosteal lesions and therefore they lived longer than when compared to the pre-Black Death
samples. A longer life span may mean that individuals were more likely to be affected by
conditions that caused these periosteal lesions. While individuals lived longer post-Black Death
their health decreased, as indicated by the presence of periosteal lesions. DeWitte (2014c) also
documented a difference between healed and active periosteal lesions.
In a similar study (DeWitte, 2014b) questions whether life after the Black Death was
indeed healthier than before the plague. She hypothesizes that if frailty decreased after this
epidemic then more individuals should have lived to old age than before the Black Death and the
mortality risk should have decreased in time. In this study, pre-Black Death samples (St. Mary
Spital, GuildhallYard, and St. Nicholas Shambles) were compared to a post-Black Death sample
(St. Mary Graces). The post-Black Death skeletal sample contained a higher frequency of older
adults than the pre-Black Death sample. Furthermore, the mortality risk decreased in the postBlack Death cemetery than in the pre-Black Death cemetery. These results indicate that
individuals post-Black Death had a greater likelihood of surviving than those before it. DeWitte
(2014b) contends that this is not simply due to a difference in birth rate, since the birth rates were
similar for both groups. She argues that health improved after this epidemic.
These two studies indicate that ‘health’ may be measured in terms of life span and risk of
death associated with age and not just the presence of skeletal lesions. This is an interesting
concept as it completely removes the focus on disease processes that may leave markers on the
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skeleton. Rather, healthy individuals are those who simply live longer, regardless of their health
status. However, even healthy individuals may die young. Furthermore, this concept ignores the
notion that some skeletal lesions heal very quickly, leaving no marker on bone, or that a lesion
may heal early in life and become invisible by their death in old age.
It has also been demonstrated that the concept of ‘health’ can be quantified based on
healed or active lesions. DeWitte (2014c) Utilized the East Smithfield (AD 1349–1350),
Guildhall Yard (c.AD 1050–1230), St. Mary Graces Cemetery (c. AD 1350–1538) and St. Mary
Spital (c. AD 1120-1540) cemeteries from England (N=538), Dewitte (2014C) demonstrated that
individuals (both adults and juveniles) with healed periosteal lesions lived longer than those
individuals with active lesions or no lesions at all. Kaplan-Meier estimates with log-rank tests
indicate that on average individuals with active lesions dyed at about age 20 and those
individuals with no lesions, a mixture of lesions or healed lesions lived to about 80 years.
Individuals with healed lesions overall had the greatest survivorship. DeWitte (2014c) suggests
that this study demonstrates that it might be more informative to consider healed vs. active
lesions rather than simply presence or absence of lesions. This is particularly true in light of the
assertions of Wood and colleagues (1992a). Similarly, Pinhasi and colleagues (2013) suggest that
healed lesions may indicate that the individual actually survived the stress that caused this lesion.
Together these two studies indicate that survivorship and health can be quantified based on
degree of healing of a lesion.
The careful consideration of how ‘health’ is measured has been embraced by others and
applied to temporally and geographically different skeletal samples. Wilson (2014) collected
paleodemographic and paleoepidemiological data from 2,300 skeletons at 30 pre-Columbian
sites in the central Illinois River Valley. These sites are dated to the Late Woodland,
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Mississippian, and Oneota archaeological time periods. Wilson found that the adult life span
decreased and the age-specific risk of death increased in the Later Mississippian time period
during the Larson (AD 1250-1300) and Crable (post-AD 1300) time periods. However, this did
not occur for the Onetoa individuals. Furthermore, reproductive age females were at an increased
risk of death, although those females that survived this risk were more likely to live longer than
males at this age. Male individuals with LEH survived for less time and exhibited an increased
age-specific risk of death than males without LEH. This is true for females as well, although it is
not as drastic between those females with and without LEH. However, Mississippian females
without LEH exhibited an increased risk of death between 15 and 40 years in the 13th-15th
centuries. In contrast Oneota females without LEH were more likely to live beyond this age
range (Wilson, 2014).
This study demonstrates that mortality is selective and that in order to better understand
‘health’ bioarchaeologists need to move beyond counting lesions (i.e. the traditional method) and
consider what the lesions mean for the individual. Furthermore, it also indicates how age- and
sex-specific analyses can highlight environmental and social differences between populations
(Wilson, 2014).

Paleodemography and the Current Project
This dissertation will add to the ongoing anthropological discourse concerning selective
mortality and risk of death since the publication of the osteological paradox (Wood et al., 1992a).
This project compliments, and fits in with, a long line of several similar studies (Boldsen, 1997;
DeWitte and Wood, 2008; DeWitte, 2009, Wilson, 2010; DeWitte, 2010a, b; DeWitte and
Bekvalac, 2010, Redfern and DeWitte, 2011; DeWitte and Hughes-Morey, 2012; DeWitte, 2012,
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DeWitte, 2014a,b, Wilson 2014; Redfern et al., 2015; Boldsen et al., 2015) and therefore
represents a continuation of the research focused on this alternative interpretation of health in
past populations.
Regarding the four sites under analysis in this project, infectious disease (treponematosis
and tuberculosis), skeletal stresses (cribra orbitalia/porotic hyperostosis and linear enamel
hypoplasias) as well as warfare related trauma (scalping, blunt force trauma and
dismemberment) have been documented (Palkovich, 1981a;b; Owsley et. al., 1977; Owsley and
Bass, 1979; Kelley et al. 1994; Owsley, 1994; Offenbecker, 2011). In order to understand the
effects of these conditions on individual risk of death and how these skeletal samples formed, it
is now necessary to determine the co-occurrence of these conditions among the adult individuals
at these sites. Doing so will permit an investigation of risk death. Furthermore, by investigating
the relationship between skeletal stresses and trauma, this dissertation also adds to a developing
area of research (Steadman et al., 2009; Boldsen et al., 2015). Lastly, this dissertation will also
consider the importance of the social and environmental contexts of these stresses, following the
examples of others (Steckel et al., 2005). The following chapter will discuss the ecological,
geographical and cultural contexts of the skeletal populations analyzed in this project.
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CHAPTER 4
LIFE ON THE GREAT PLAINS
Anthropologists have long recognized that a stressful environment may induce social
changes within an existing population. In turn, these changes may generate pathological
reactions on the skeleton that can be observed by paleopathologists. The Arikara experienced
climatic changes, warfare, interactions with novel groups of people and disease epidemics to
varying degrees. More importantly, the Arikara at these sites share cultural and biological (that
is, metric) similarities. This chapter will discuss the lives and cultural practices of the Arikara
Native Americans and other groups of peoples living on the Great Plains during the pre-contact
and contact timer periods.
Anthropologists are first and foremost concerned with the lives of people. As
anthropologists, biological anthropologists must have an understanding of the culture and history
of a group of people so that they understand the potential social and cultural catalysts of disease,
trauma and biological stress. This chapter will detail the climatic instability, European contact
and resulting disease epidemics (such as smallpox) that the Arikara and other populations living
on the Great Plains experienced (Lehmer, 1971a; Owsley and Bass, 1979; Stockton and Mecko,
1983; Trimble, 1994; Bamforth, 2006). The relationship between these events and skeletal
indicators of trauma and different health conditions documented in this dissertation will be noted.
This chapter will begin with a discussion of the cultural traditions that temporally
preceded the Arikara people, namely the Woodland period, Middle Missouri Tradition and
Central Plains Tradition. Following this discussion, the cultural tradition of the Arikara, the
Coalescent Tradition, will be discussed. The social, cultural and biological relationships between
groups of people living on the Great Plains and the Arikara will be detailed in each section in
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order to place the Arikara peoples in historical, cultural and biological contexts. Doing so
demonstrates the various research projects that have been conducted concerning Plains groups in
the last three decades. This also serves to dictate the connection of this project to previous
research.
The Arikara peoples are associated with the Coalescent tradition, part of the Plains
Village period. This period developed when certain changes to the Plains Woodland way of life
occurred (Owsley and Bruweldheide, 1997; Johnson, 2001; Wood, 2001; Krause, 2001; Roper,
2001; Tiffany, 2001; Auerbach, 2010). To better understand how the Plains Village period
developed, a brief discussion of its predecessor, the Plains Woodland, will be provided. Table 1
lists all of these traditions with their associated time ranges.

Table 1. Cultural Traditions of the Great Plains.
Cultural Tradition
Plains Woodland

Variants
Early
Middle
Late

Time Period
500 BC
AD 1-500
AD 500-1000

Middle Missouri Tradition

Initial
Extended
Terminal

AD 1000-1300
AD 1200-1400
AD 1400-1500

Central Plains
Coalescent

AD 700-1400
Initial
Extended
Postcontact
Disorganized

AD 1400-1500
AD 1400/1450-1650
AD 1675-1780
AD 1780-1862

Plains Woodland (500 BC-AD 1000)
The Plains Woodland is divided into three individual time periods: Early (500 BC to AD
1), Middle (AD 1-500) and Late (AD 500 to 1000). The people who lived during these time
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periods inhabited the eastern and east-central Plains. The Plains Woodland developed during the
Late Archaic when people moved into the Plains from the eastern United States. Horticulture
was not practiced by these people and they mostly relied on hunting and gathering. The Plains
Woodland tradition ended when people increased their reliance on horticulture and developed
more stable residences, thus marking the beginning of the Plains Village period (Johnson, 2001).
There are three separate Plains Village cultural horizons: the Middle Missouri tradition,
the Central Plains tradition and the Coalescent tradition. Each of these cultural traditions will be
discussed individually; however, as the Coalescent tradition is that of the Arikara people, it will
be discussed in greater detail than those that preceded it (Owsley and Bruweldheide, 1997;
Johnson, 2001; Wood, 2001; Krause, 2001; Roper, 2001; Tiffany, 2001; Auerbach, 2010).

Middle Missouri Tradition (AD 1000-1550)
The Middle Missouri tradition (MMT) is one of the initial Plains Village traditions and is
divided into three different variants: an Initial (AD 1000-1300), Extended (AD 1200-1400) and
Terminal (AD 1400-1550). There are two geographic divisions of the Initial Middle Missouri
Variant: an eastern division located across parts of South Dakota and Iowa and a western
division located across the Missouri River in South Dakota (Wood, 2001; Tiffany, 2001).
The people associated with the Extended Middle Missouri Variant (EMMV) were located
in parts of South Dakota along the Missouri River, upriver from the western Initial Middle
Missouri Variant (IMMV) and in North Dakota. The MMT is characterized by a reliance on
horticulture (as well as hunting and gathering); rectangular houses and a more stable occupation
compared to the Plains Woodland groups. Villages were fortified with ditches. It is unclear how
the MMT originated, although some authors maintain that the IMMV developed indigenously
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from Terminal Late Woodland groups due to the adoption of maize agriculture (Wood, 2001;
Tiffany, 2001).
The indigenous expansion of the IMMV is based on two pieces of evidence: the
development of maize agriculture and Mississippian pottery. At about AD 1100 people
associated with the Great Oasis phase of the eastern IMMV, settled down into fortified villages
and developed maize agriculture (Winham and Calabrese, 1998; Tiffany, 2001). The
development of maize agriculture most likely required cooperation among people which would
have been facilitated by permanent villages, characteristic of the MMT. The fortification of
villages may be an important indicator of the change from Late Woodland to MMT. These
fortifications were implemented to protect maize and other trade goods from external threats
(Tiffany, 2001).
There is also evidence for Mississippian style pottery at several Late Woodland sites,
particularly those of the Great Oasis peoples. This same red-slipped Mississippian and Great
Oasis pottery is found at several IMMV sites. Furthermore, there are several other Mississippian
style artifacts and pottery at Great Oasis sites and Late Terminal Woodland sites in the
Mississippian valley, but not in the Plains. This may indicate trade and/or contact with
Mississippian groups which prompted IMMV people to settle along the Missouri River
(Ludwickson et al., 1993; Tiffany, 2001).
The development of the EMMV in North Dakota may be due to local Terminal Late
Woodland groups who had contact with IMMV people. This variant developed prior to the
disappearance of the IMMV from the archaeological record, after AD 1300 (Tiffany, 2001). It is
possible that they became part of, or were replaced by, people of the EMMV in this region or
merged with people of the Initial Coalescent (Lehmer, 1971b; Wood, 2001; Henning, 2005;
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Tiffany, 2001). A merging between groups of people would demographically alter these groups,
later affecting what anthropologists document in a skeletal sample. While climatic difficulties
have been suggested to be a major impetus for the movement of IMMV people, it is also
suggested that the presence of Oneota and Central Plains groups (discussed below) in the Great
Plains prompted IMMV groups to move farther north in the Middle Missouri region (Henning,
2005).
The EMMV, overall, is not believed to be directly descended from the IMMV, but rather
developed immediately into the Terminal Middle Missouri Variant. It is this latter variant that is
ancestral to the Mandan and Hidatsa peoples, who spoke the Siouan language (Lehmer, 1971a;
Blakeslee, 1994; Johnson, 1998; Wood, 2001; Johnson, 2001; Roper, 2001; Tiffany, 2001). This
assertion is supported by craniometric analyses which indicate that crania from Middle Missouri
sites are most similar to Mandan crania, rather than Arikara crania (Mobridge and Rygh)
(Owsley and Symes, 1982). Similarly, several skeletal features of Mandan and Arikara crania are
distinct, which is used to support the assertion that these are two separate population groups.
However, Arikara crania from Larson and Leavenworth are more similar to Mandan crania than
those from Rygh or Mobridge. This suggests that gene flow occurred between the Mandan and
later Arikara groups (Owsley et al., 1981). Other craniometric studies have also suggested gene
flow between the Mandan and Arikara (Key, 1983). It is likely that gene flow from Mandan or
European groups occurred, during the Postcontact period, as this phenomenon has been
documented historically and archaeologically. In a craniometric study of Arikara (Leavenworth,
Larson, Mobridge, Rygh and Sully), Mandan and White crania it was found that the
Leavenworth crania were the most similar to the Mandan crania and that very few Arikara crania
(Leavenworth and Larson) classified as White (Jantz, 1973; 1977). Interestingly, a recent DNA
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analysis of the Mobridge, Larson and Leavenworth sites suggests that the Arikara are related to
Siouan and Algonquian (Mohawk) groups. The Algonquian were another group of people
present on the Plains. The Arikara groups demonstrated a decrease in specific haplogroup
frequencies characteristic of Native American groups in general, possibly due to genetic drift
from Euro-Americans. Similarly, haplogroup frequencies of the Arikara were similar to those of
the Sioux, Arikara and Mohawk suggesting that these groups exchanged genetic material at some
point in their histories (Lawrence et al., 2010).
The ancestors of the Mandan and Hidatsa peoples moved from the Eastern Woodlands
onto the Northeastern portion of the Great Plains after European contact. The Mandan and
Hidatsa composed one Siouan speaking group, while another Siouan group was associated with
the Oneota archaeological tradition (Fowler, 2003). The Oneota inhabited the Prairie Peninsula
in the United States. However, Oneota artifacts exhibit a “Plains-derived adaptive pattern” and
so the Oneota might possibly be a “’bridging culture’ that links the Plains to the eastern
Woodlands via the Prairie-Peninsula” (Henning, 1998:345). The Prairie Peninsula extends to the
east of the Plains until Indiana (Henning, 2005). The Oneota were a Mississippian tradition,
whose supposed ancestors were Woodland groups. The Oneota were coeval with the Woodland,
Mississippian, Caddoan, Central Plains, Middle Missouri and Coalescent traditions (Henning,
1998).
The Oneota were historically in conflict with the Mississippian settlement, Cahokia
(Fowler, 2003). Oneota sites designated as part of the Bold Counselor phase (AD 1275-1425)
were contemporary with and lived nearby to Cahokia. However, they did not become a
prominent group of people until Cahokia deteriorated (Milner, 1990; Henning, 1998). The
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Oneota moved onto parts of the Plains, including Iowa, Nebraska and Kansas during the 14th
century (Henning, 2005).
Cahokia was a large Middle Mississippian chiefdom located in the lower Mississippi
Valley in AD 900-1300. After AD 1100 groups of people began moving from Cahokia to the
Missouri River Valley, possibly due to the agricultural environment that promoted maize growth
better than the Mississippi Valley (Binnema, 2001). This coincides with migration of the EMMV
peoples who began moving into the area at about AD 1100 during the Neo-Atlantic episode (AD
900-1250) (Ritterbush, 2002; Shackelford, 2007). Additionally, it is suggested that groups of
people from Cahokia and groups of people of the IMMV moved into the Middle Missouri River
Valley due to this beneficial agricultural environment (Lehmer, 1971b; Binnema, 2001).
At this time moist tropical air dominated the Great Plains which supported maize
agriculture as well as pasturage for large animals (Lehmer, 1971b). Shackelford (2007) equates
the time period between AD1150 and AD1250 with an increase in grasslands and bison
populations. This may partly explain the migration of the Oneota from the Mississippi River
Valley onto the Great Plains in the 12th through 13th centuries as they were pursuing bison
hunting. Once Cahokia declined, the Oneota cultural tradition spread through the upper
Mississippi Valley, the prairies, Kansas, Nebraska and the Dakotas (Ritterbush, 2002;
Shackelford, 2007).
Migration from Cahokia continued until after its abandonment at about AD 1300
(Binnema, 2001). Villages in the Middle Missouri Valley ascribed to the EMMV subsequently
began to increase (Mitchell, 2012). The demise of Cahokia, as well as other Mississippian cities,
has been linked by some researchers to the occurrence of droughts throughout the region
(Benson et al. 2009; Anderson and Sassaman, 2012).
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Several climate reconstructions have documented the occurrence of droughts at the end of
the 14th century, the worst of which occurred in AD 1344-1353 and 1379-1388 in the Mississippi
Valley. These droughts would have severely limited available crops (Cook et al. 2007). This
decrease in crop availability could have induced migration into the Middle Missouri River
Valley after AD 1300 and the decline of Cahokia (Binnema, 2001). Difficult environmental
conditions contributed to the demise of one of the most powerful and influential Native
American settlements which in turn encouraged migration ultimately affecting the demographic
composition of the groups of people living on the Great Plains.

Central Plains Tradition (AD 700-1400)
The Central Plains tradition (approximately AD 700-1400) is the second Plains Village
tradition which temporally overlaps with the MMT. This tradition developed after the Woodland
occupation in the Central Plains in Nebraska, Kansas, Colorado, Wyoming and Iowa ended
(Wedel, 2001). The origins of the Central Plains tradition are unclear, although it has been
suggested that it developed out of eastern Woodland practices (Wedel, 2001). Key’s (1983)
cranoimetric analysis supports this suggestion. Eight-hundred and sixty individuals from the
Paleo-Indian (20, 000 ya), Plains Archaic (6000 BC- AD 1), Plains Woodland, Middle Missouri
and Central Plains traditions were compared to estimate their biological relationships. Central
Plains groups were found to be statistically different than the Woodland groups. Due to these
differences, Key (1983) suggests that the Central Plains Tradition developed as part of a
migration process onto the Plains from geographically separate Woodland groups.
While it has been suggested that the Central Plains tradition developed from several
migrations into the region (Lehmer, 1971b; Key, 1983; Grange, 1979; Binnema, 2001; Roper,
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2001), Roper (2001) maintains that the Central Plains tradition developed in response to the
development of farming and not through migration. The Central Plains tradition is characterized
by an increase in sedentism and the use of permanent houses. Maize farming could have
encouraged permanent villages and required the use of specific tools. Woodland style vessels,
thick and elongated, were modified into the thin, globular, Central Plains style vessels, some of
which were used for cooking. The spread of this new lifeway could have been accomplished
through demic diffusion via individual frontier mobility. Demic diffusion is the idea that small
groups of people move into a region over several generations which results in an increase in the
population. Farming can then spread via daughter groups separating from these earlier groups.
Individual frontier mobility is the idea that farming spread among kinship lines through the
movement of people or small groups of people among hunter gatherers (Roper, 2001).
A network of alliances between the Mississippi River valley and one of its drainage
points, the Missouri River valley, could have allowed for an exchange of goods, marriages and
ideas. This spread may have emanated from Cahokia in the Mississippi River Valley. Ultimately,
the Central Plains tradition could have been propagated throughout the region through a method
called leapfrogging (Roper, 2001). Given Cahokia’s location within the American Bottom region
of the Mississippi River Valley, an exchange of material goods would have been possible since
the Mississippi, Illinois and Missouri rivers meet north of the American Bottom (Milner, 1990;
Henning, 1998). Leapfrogging is a method by which people move into a new region once a small
group of scouts are sent ahead to collect information about the new location. An example of this
method occurred in the Black Sea area among a Copper Age group of people. Small cemeteries
were documented in an area with an increased among of metal ore sources, far from their
original river locality (Anthony, 1990). Via this leapfrogging method, small demic groups would
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then be followed by larger groups establishing settlements. Roper (2001) suggests that the
Pomona variant was not included in this leapfrog movement, which may be why it varies as
much as it does from other Central Plains tradition sites in terms of agriculture and technology.
Rather, the Central Plains tradition advanced in northeast and southeast Kansas, areas that were
next to early Cental Plains localities. However, those localities maintained limited Central Plains
tradition culture, such as the Pomona phase (Roper, 2001). The Pomona phase of the Central
Plains tradition is cited as an example of the continuity between the Plains Village period and the
Woodland period, based on similarities in subsistence. The Pomona phase (AD 900-1680) was
located in eastern Kansas and is characterized by hunting, gathering, limited horticulture and the
use of the bow and arrow. These characteristics are similar to the Woodland Period. The Pomona
variant shares other similarities in pottery design with the Central Plains tradition. Therefore the
Pomona variant is a cultural transition between the Late Woodland period and the Central Plains
tradition (Johnson and Johnson, 1998; Wedel, 2001, Wood, 2001; Roper, 2001).

Coalescent Tradition (AD 1400-1830)
Similar to the Middle Missouri tradition, the Coalescent tradition is divided into four
variants: Initial (AD 1400-1550), Extended (AD 1550-1675), Postcontact (AD 1675-1780) and
Disorganized (AD 1780-1830). The Coalescent tradition is the third Plains Village tradition and
is the cultural tradition of the Arikara (Lehmer, 1971a; Jantz, 1972; Blakeslee, 1994; Owsley,
1994; Johnson, 1998; Wood, 2001; Johnson, 2001; Roper, 2001, Tiffany 2001).
The Coalescent Tradition was so called because it was believed to be a coalescence, or
fusion, between the Middle Missouri and Central Plains Traditions. A drought in the Central
Plains prompted people to move to the Missouri River Valley in South Dakota. This migration
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allowed them to interact with the local population already living there. It is this interaction that
lead to the development of the Coalescent Tradition (Lehmer, 1954; Blakeslee, 1994; Steinacher
and Carlson, 1998; Krause, 2001). However, some authors object to this characterization based
on pottery styles (Grange, 1979; Steinacher and Carlson, 1998) and craniometric analyses (Jantz,
1977; Ubelaker and Jantz, 1979).

Initial Coalescent Tradition (AD 1400-1550)
Several Initial Coalescent sites have been found to extend further back in time and to be
coeval with some of the sites of the Lower Loup/Itskari and St Helena phases (the last two
phases of the Central Plains tradition). This is based on similarities in pottery styles between
Central Plains pottery and Lower Loup pottery (Grange, 1979; Steinacher and Carlson, 1998).
Based on this information Steinacher and Carlson (1998) suggest that the Initial Coalescent
tradition is simply another Central Plains variant. Alternatively, it is possible that the Initial
variant of the Coalescent Tradition actually developed from these phases (Johnson, 1998), or that
the St. Helena phase developed from Initial Coalescent peoples fleeing the Crow Creek Massacre
(Ludwickson et al., 1993; Willey and Emerson, 1993), although this latter suggestion is not
supported by craniometric analyses (Key, 1983).
Craniometric analyses indicate that Arikara (Leavenworth, Sully, Mobridge) crania are
more similar to crania from the St. Helena phase than Pawnee crania (Jantz, 1977; Owsley,
1997). In fact, it is possible that gene flow occurred between the Arikara and several other
groups on the Plains, particularly the Middle Missouri groups (Owsley, 1997). The Pawnee were
a Caddoan-speaking (like the Arikara), historic Plains Village group (Ubelaker and Jantz, 1979;
Auerbach, 2010). Arikara crania were found to have diminished in size over 200 years from the
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Archaic, to the Woodland, to St. Helena and eventually into the Arikara morphology. The
Pawnee in turn were found to be more similar to Mandan, Omaha and Lower Loup groups,
Siouan speakers. This seems to support the idea that the Coalescent Tradition developed
regionally, immediately from the Central Plains Tradition, rather than one group of people
replacing another (Jantz, 1977).
Key (1983) further suggests that the Lower Loup (possibly ancestral to the Pawnee) and
St. Helena phase people gave rise to the Initial Coalescent people. Other cranial changes in the
Arikara over the span of 230 years have been noted and Key and Jantz (1981) suggest that the
Pawnee are craniometrically different than the Arikara. However, other researchers documented
biological similarities between the Arikara and the Pawnee.
In a craniometric analysis of five historic Plains groups (Ponca, Pawnee, Omaha,
Mandan, Arikara) and three prehistoric (Lower Loup, St. Helena, Upper Republican), Ubelaker
and Jantz (1979) found that the historic groups varied from one another, but that the Pawnee and
Arikara were the most similar. The Lower Loup individuals (prehistoric) were similar to the
Pawnee and the St. Helena and Upper Republican crania were intermediate between the Pawnee
and Arikara. The relationship between the Lower Loup and the Pawnee is supported by ceramic
similarities and house form similarities between the two groups (Grange 1979).
Jantz (1997) further documented that Pawnee and Arikara crania (Leavenworth) are more
similar to one another than they are to Central Plains crania. Furthermore, the Pawnee and
Arikara crania are more distinct from Central Plains crania than they are from each other or from
their historic neighbors. It is suggested that these two groups share a Central Plains ancestor or
that an exchange of genes occurred between the two groups (Key, 1983; Jantz, 1997). Regardless
of the exact relationship between the Arikara and the Pawnee, it can be concluded that these
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groups do share biological similarities, and that they may have a shared Central Plains ancestor.
This data, coupled with archaeological data, noted above, reinforces the close relationship
between the Central Plains tradition and the Coalescent tradition.
The Coalescent tradition is characterized by the use of cultigens, bison hunting as well as
bone and antler tools. The Initial Coalescent tradition shares many similarities with the Central
Plains traditions including house floor plan, and village plan. However, these villages were often
fortified with ditches and palisades, unlike the Central Plains traditions and more similar to the
EMMV. Therefore, culturally, the Extended Coalescent developed from the Initial Coalescent.
The Postcontact Coalescent developed from the Extended Coalescent (Johnson, 1998; Krause,
2001).
The following subsections will detail the burial practices and settlement plans of each of
the traditions associated with the Arikara sites analyzed in this dissertation, that is, the Extended
Coalescent, Postcontact Coalescent and Disorganized Coalescent. These descriptions are listed
for these cultural time periods in particular, rather than the Plains Woodland, Middle Missouri or
Central Plains cultural traditions, because the Coalescent cultural tradition is the cultural
tradition of the Arikara, the group of people who are the main focus of this dissertation. Burial
practices in particular may inform the preservation of the Arikara as well as the mortality profile.
Additionally, settlement plan or style of a particular site may reveal specific needs, such as
retreating from attacking groups, or protection. This, in turn, may indicate the type of social or
environmental stresses each group experienced.
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Extended Coalescent (AD 1400/1450-1650)
Both Anton Rygh and Mobridge are considered part of the Extended Variant of the
Coalescent period. This cultural horizon is characterized by a drastic increase in sites in North
and South Dakota. Houses of this variant are unfortified and circular with a firepit in the middle
with support posts around it. Many were built very quickly and not meant for long term use. This
is further supported by the presence of few refuse areas and few artifacts. Most villages were
small with close knit houses. Some Extended Coalescent sites contained fortified buildings in the
center of the village. It is believed that people could retreat there from intermittent warfare with
people of the Middle Missouri tradition who were living in North Dakota (Lehmer, 1917a;
Lehmer, 1971b; Blakeselee, 1994; Johnson, 1998; Krause, 2001). Lehmer (1971b) suggests that
the difficult climatic conditions of the neo-boreal episode (discussed below) caused people to
live in a “hand to-mouth existence” (1971b:128) in small groups that could move easily. Burial
practice during the Extended Coalescent is not well known. Graves were either primary or
multiple (Lehmer, 1971a; Johnson, 1998; Krause, 2001).

Postcontact Coalescent (AD 1675-1780)
The Larson site is part of the Postcontact Coalescent variant. According to Lehmer
(1971a) this variant dates to 1675-1780. However, Johnson (1998) dates this variant to 16751862, thus subsuming Lehmer’s (1971a) Disorganized Coalescent (1780-1862) (discussed
below). European trade goods first appear during this variant, although they are mostly included
in burials rather than in living areas (Jantz and Owsley, 1984; Blakeselee, 1994; Johnson, 1998).
However, Johnson (1998) has suggested that European trade goods actually appear earlier, at
about 1600 AD, in the Middle Missouri and Central Plains regions.
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Most of the houses related to this variant were found during excavations in South Dakota
and are attributed to the Arikara. Houses were about 13-75 feet wide. They were circular, with a
central firepit and four postholes surrounding this to support the house and an entryway. Many
villages were positioned near rivers and tributaries. Some were small (about a dozen houses)
whereas others like the Sully Site had over 150 houses. Many of the Arikara villages contained
about 35 houses and were fortified (Lehmer, 1971a; Johnson, 1998). This suggests a need to
protect the village, as has been noted among other groups of people (Steadman, 2008).
Burial practice is relatively well known at this time. Arikara burials were mostly primary
inhumations with few multiple burials. Individuals were semi-flexed and laid on their back or
side. Burials were placed in cemeteries, although a few were found within villages (Lehmer,
1971a).

Johnson (1998) states that the creation of cemeteries may have occurred due to

increased mortality from epidemics such as smallpox. Flintknapping was not widely practiced at
this time period which suggests the use of Euro-American metal tools instead. In fact, it is
thought that the use of metal European tools may be responsible for a reduction in Native
American tool manufacture (Lehmer, 1971a; Johnson, 1998). These observations regarding tool
use indicate the cultural influence that Euro-Americans had on the Arikara and further
demonstrate that the Arikara were in close contact with them.

Disorganized Coalescent (AD1780-1862)
Few authors discuss this time period, which suggests that other authors do not agree with
the designation of a Disorganized Coalescent cultural time period. When reading Johnson (1998)
it is apparent that many of the features of the Disorganized Coalescent discussed by Lehmer
(1971a) are included in Johnson’s (1998) discussion of the Postcontact Coalescent. It is unclear
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why the Disorganized Coalescent is only discussed by Lehmer (1971a). The traits/features
identified by other authors as part of the Postcontact Coalescent will be discussed under that
heading and not that of the Disorganized Coalescent. Significantly, Lehmer (1971a) does not
discuss the ‘origins’ of this variant as he has for others which suggests that it may not be its own
cultural tradition, but rather part of the Postcontact Coalescent.
According to Lehmer (1971a), the Disorganized Coalescent variant is characterized by
European contact and smallpox epidemics. Buildings at this time are similar to the Postcontact
variant. Earthlodges were used for ceremonial purposes until the 20th century, although
eventually log cabins and frame houses began to be used. The villages were generally composed
of more than 50 dispersed houses. Fortifications were present but were weaker than the ones in
the Postcontact variant (Lehmer, 1971a), again suggesting a need for defense (Steadman, 2008).
Burial practice consisted of inhumations and was similar to the Postcontact period. Stone and
bone artifacts were replaced with European metal ones. Similarly, there is an abundant amount of
trade goods at this time period (Lehmer, 1971a).

This again suggests the Euro-American

influence on the groups of people living at this time period.

Social and Environmental Changes and the Arikara
The following subsections will detail the effects of several climatic and social changes on
the Rygh, Mobridge, Larson and Leavenworth sites in particular. The inhabitants of these sites
experienced European contact, climatic changes, warfare and smallpox epidemics, to varying
degrees. Some of these experiences have been noted above, as they relate to individual time
periods, but will now be discussed in greater detail in their own subsections (Holder, 1970;
Rogers, 1990; Owsley and Bruweldheide, 1997; Johnson, 1998; Hamalainen, 2003). It is
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imperative that these cultural and environmental changes are described in order to understand
their relationship between disease, trauma and biological stress.

European Exploration and the Arikara
With their exploration during the Postcontact time period the Europeans brought with
them smallpox, guns and horses (Holder, 1970; Rogers, 1990; Owsley and Bruweldheide, 1997;
Johnson, 1998; Hamalainen, 2003). While intense European exploration of the Middle Missouri
River Valley began at the beginning of the eighteenth century, explorers from Spain, France and
the United States visited this area earlier (Holder, 1970; Rogers, 1990; Johnson, 1998). The
Spanish initially explored the Great Plains and neighboring areas in the sixteenth century.
Hernando De Soto and his party began exploring the Mississippi River region and in 1542 had
reached western Arkansas and eastern Texas. Similarly, Francisco Vasquez de Coronado and his
party were present in the Plains after 1541 (Holder, 1970).
It was the Spanish explorers De Soto and Coronado who first introduced horses onto the
Plains in the mid-sixteenth century. By the end of the seventeenth century they were used by
Caddo speakers, which include the ancestors to the Arikara as well as the Pawnee (Holder, 1970;
Lehmer, 1971a; Parks, 1979; Blakeslee, 1994; Parks, 2001b; Hamalainen, 2003). Both the
Arikara and Mandan groups utilized horses throughout the eighteenth century. The use of horses
permitted easier hunting of bison by several of the groups living on the Plains including the
Arikara, Mandan, Cheyenne and Dakota (Holder, 1970).
Horse use by the Arikara began at about 1715 and facilitated hunting and thus increased
nutrition; it also instigated resource raiding that reduced their population (Lehmer, 1971a; Jantz
and Owsley, 1984; Owsley and Jantz, 1985; Hamalainen, 2003). In fact, access to horses may
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have encouraged warfare between Native groups (Bamforth, 1994). During the Postcontact
coalescent period the horse allowed several different groups to migrate into the Missouri Valley
including the Arapaho, Assiniboin, Blackfoot, Cheyenne, Crow, Dakota, Gros Ventre, Plains
Cree, Plains Ojibwa, Sarsi, and Wind River Shoshone (Lehmer, 1971a; Jantz and Owsley, 1984;
Owsley and Jantz, 1985). The use of the horse may have altered the demographic composition of
the region through migration and competition between groups of people.
Some of the earliest meetings between the Arikara and European explorers occurred in
the early 1700s with French explorers. By the late 1700s through 1800s traders began living with
the Arikara. France maintained control over the Middle Missouri region up until the end of the
eighteenth century until control was transferred to Spain at the end of the Seven Years War in
1774. In 1803, the United States acquired the Missouri region with the Louisiana Purchase which
permitted trade to occur between the Arikara and the United States through the efforts of the
explorers Lewis and Clark (Rogers, 1990; Fowler, 2003; Smith, 2004; Parks, 2001b).
The most well known encounters between Europeans and the Arikara occurred with
Etienne Venyard, sieur de Bourgmont in 1714 when he documented Arikara villages along the
Missouri River. He also visited the Mandan in 1738 and his sons visited them in 1742. These
visits promoted trade between the French and the Mandan and Hidatsa. Similarly, Jean BaptisteTrudeau was in charge of a trading expedition that lasted from 1794 to 1796 in the Middle
Missouri region. Pierre-Antoine Tabeau also lived with the Arikara from 1803-1804 and
documented the presence of Arikara villages along the Missouri River (Rogers, 1990; Fowler,
2003; Smith, 2004; Parks, 2001b).
The fur trade developed in the Missouri River region during the 17th and 18th centuries
and involved Native American groups including the Arikara, Mandan and Hidatsa (Wessel,
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1976). Towards the end of the 18th and early 19th centuries the Arikara were involved in an
intertribal trading system. Trading involved European made items and horticultural items. The
Arikara primarily traded for hides, meat, clothing, horses and guns (Parks, 2001b).
There is evidence of trade for Euro-American goods having occurred at some of these
sites. For example, European artifacts were found at the Mobridge and Larson sites (Owsley et
al, 1977; Owsley et al. 1982; Jantz and Owsley, 1984; Blakeselee, 1994; Johnson, 1998). The
large amount of European trade goods found at Larson is characteristic of the Postcontact
coalescent. The items found during this time period include utilitarian objects (knives, axes and
firearms) and ornaments (mirrors, combs) made from metal or glass. Additionally, horse bridles
and bones have been found during this time period, indicating that the horse was in use during
the Postcontact Coalescent (Lehmer, 1971a; Johnson, 1998).
Similarly, trade goods were also documented during the Disorganized coalescent. These
goods include ax and adz heads, awls, files, hoes, knives, kettles and firearm paraphernalia
including musket balls. Additionally, decorative items were found including buttons made from
metal, bone, glass and mother-of-pearl, bracelets made from iron or brass, bells of brass or
copper, hair pieces, glass beads, mirrors and metal finger rings (Lehmer, 1971a).
While trade between the Arikara and Euro-Americans was traditionally positive, one of
the most infamous incidents occurred between traders and the Arikara at the fortified
Leavenworth site. In 1823 Arikara fur traders attacked General William H. Ashley. Later, the
United States Federal government permitted Colonel Henry Leavenworth and several hundred
Dakota Sioux to attack this site, which was eventually abandoned (Owsley, 1994; Parks, 2001b).
The development of this intertribal trading system, instigated by several European groups
including the English and French, may have also increased tensions between the Arikara and
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other Native American groups including the Sioux (Denig, 1961; Lehmer, 1971a; Jantz and
Owsley, 1984; Owsley and Jantz, 1985; Parks, 2001b). In fact the Sioux were historically at war
with the Arikara and other Native American groups (Denig, 1961).
The Arikara were often at odds with the Dakota Sioux during the Postcontact Coalescent.
The Dakota Sioux were pushed out of the Great Lakes region into the Great Plains due to
tensions with the Iroquois in 1650-1750 (Holder, 1970; Lehmer, 1971a). The Lakota Sioux
moved onto the Plains during the Postcontact period as a result of European intrusion into their
historical territory (Bamforth, 1994; Ostler, 2004). The Dakota Sioux posed a serious threat to
those groups living in the Middle Missouri region. The use of the horse permitted them to raid
these villages. At the end of the 18th century and beginning of the 19th century this tension may
have caused groups living in the Middle Missouri region to resist sending out hunting parties
(Lehmer, 1971a). This, in turn, would have reduced the available nutrition for these groups since
bison hunting was curtailed (Owsley et al., 1977).
During the 18th and early 19th centuries bison hunting was limited to twice a year as a
result of epidemic diseases and warfare causing the Arikara to rely primarily on gardening and
trading. These hunts occurred in the summer and fall. During the 19th century, the summer hunt
was limited due to attacks from the Sioux (Parks, 2001b). The Sioux are believed to be
responsible for an attack on the Larson village in which scalping, decapitation, blunt force
trauma to the faces/skulls and limb removal was documented (Owsley et al., 1977). The Larson
site was fortified (as were many other Postcontact sites), indicating the need for defense
(Lehmer, 1971a; Owsley et al., 1977; Bamforth, 1994; Steadman, 2008).
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Disease Epidemics and the Arikara
In addition to horses and guns Europeans have also been implicated in spreading new
diseases throughout the New World, such as smallpox. Diseases like smallpox spread easily
through human contact in crowd conditions. There are three instances in particular in which this
disease spread occurred in the United States, as a result of European contact. The first occurred
in the Southwest at about 1650-1800. It is at this time that smallpox spread to the Middle
Missouri valley. A second spread of disease occurred at about 1790-1820 as a result of Canadian
fur traders in the Missouri River Valley. The third and final instance of disease spread occurred
in the 1830s when trading posts were established on the Missouri River Valley (Owsley and
Bruweldeheide, 1997).
Smallpox epidemics reduced the amount of people available to ward off attacks from
groups such as the Dakota, who in turn increased their attacks in the late 19th century (Lehmer,
1971a; Trimble, 1994; Owsley and Bruweldeheide, 1997). Four major smallpox epidemics
occurred in the Middle Missouri Valley: 1780-1781 (or 1781-1782), 1801-1802, 1837-1838 and
1856) (Lehmer, 1971a; Trimble, 1994; Johnson, 1998).
The epidemic in 1780-1781 reduced the Mandan and Hidatsa 11,500 person population
by 68% (Fowler, 2003). Similarly, the Larson site was affected by the outbreak of 1780-1781
(Owsley and Bass, 1979). The epidemic in 1837-1838 greatly affected the intertribal trading
system and greatly reduced the populations of the Mandan, Assiniboin, Blackfeet, Hidatsa and
Arikara (Lehmer, 1971a; Trimble, 1994; Owsley and Bruweldeheide, 1997; Hamalainen, 2003).
The reduction of these populations, as well as tensions with the Sioux, prompted these groups to
merge at Like-a-Fishook Village, upriver along the Missouri, with the Mandan and Hidatsa,
although each tribe was autonomous at this location (Parks, 2001b; Johnson, 2006). These
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decreases in population numbers would have also demographically altered these groups of
people, as well as curtailed farming practices possibly leading to nutritional stress (Owsley and
Bruweldheide, 1997).

Climatic Changes and the Arikara
In addition to human caused stresses, the Great Plains were subject to climatic
disturbances. The classic model of climate for the Great Plains is the Bryson Model. Bryson and
colleagues (1970) proposed a set of transitions between climatic episodes and sub-episodes on
the Great Plains. Short episodes last for about 700 years and longer episodes for 1500 years. The
transitions between sub-episodes are proposed to take less than 230 years and less than 500 years
between the primary post-glacial episodes. Lehmer (1971b) expands this model and relates
climatic changes on the Great Plains with migrations throughout the Middle Missouri River
Valley.
Following the Neo-Atlantic episode the conditions of the Pacific I interval (AD 12501400) promoted cool dry air, decreased temperatures and decreased precipitation to occur on the
Great Plains.

This climate was problematic for maize growth and limited the amount of

pasturage available for large animals. EMMV villages in northern North Dakota were abandoned
at this time and villages of the IMMV variant were smaller (Lehmer, 1971b; Bamforth, 1994),
possibly due to these difficult climatic conditions.
During the Pacific interval groups of people living on the West Central Plains abandoned
their villages and migrated into the Missouri Trench in South Dakota. These were people of the
Coalescent Tradition and the ancestors of the Arikara. The conditions of the Pacific II episode
(AD 1450-1550) were similar to those of the Neo-Atlantic episode. At this time, villages in the
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Middle Missouri valley expanded in South Dakota. At about the same time groups of the EMMV
tradition moved back into the area they had previously abandoned during the Pacific I interval
(Lehmer, 1971b; Bamforth, 1994).
This migration could have permitted hostile actions to occur between individuals of the
EMMV tradition and those of the Initial Coalescent, as evident at the fortified Crow Creek site,
an Initial Coalescent site that dates to AD 1325. Luwickson and colleagues (1993) suggest that
people of the Initial Coalescent moved into South Dakota AD 1200-1300 at about the same time
of the EMMV people (Ludwickson et al., 1993). The Crow Creek site was a fortified site located
in South Dakota with members who were possibly ancestral to the Arikara (Willey and Emerson,
1993; Krause, 2001). Villages during this time period were typically fortified (Lehmer, 1971a;
Ludwickson et a., 1993; Johnson, 1998; Krause, 2001; Bamforth, 2006). However, these sites are
mostly found on the eastern bank of the Missouri River whereas unfortified sites are found on the
western bank. These groups may have been threatened by other people from the east and/or
Middle Missouri tradition groups living in the same area (Ludwickson et al., 1993; Bamforth,
2006). The event at the Crow Creek site thus corresponds to the broader archaeological
description of Initial Coalescent sites in this area (Ludwickson et al., 1993).
Several health conditions were documented on the skeletal remains excavated from Crow
Creek, including porotic hyperostosis, cribra orbitalia and periostitis (Willey and Emerson, 1993;
Bamforth, 1994). This event, as well as the nutritional deficiencies documented, has been used to
support the notion that warfare was linked to the need for adequate resources (Bamforth, 1994;
Johnson, 2006). This notion has been applied to the Great Plains as a whole. Sites that existed
before AD 1300, during times of increased precipitation, were unfortified. However, sites that
existed after AD 1300, during times of decreased precipitation, were fortified. Decreased
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available resources (due to difficult climatic conditions) could have been an impetus for warfare
(Bamforth, 2006).
Following the Pacific II interval, the Neo-boreal episode or Little Ice Age (approximately
1550-1850) occurred in which the summers maintained decreased tropical air. This caused cooler
summers and may have decreased the amount of crops available (Lehmer, 1971b). Additionally,
the winters were cooler and temperature and precipitation rates may have fluctuated (Bamforth,
1990). Tree-ring reconstructions indicated that a drought affected the Central Plains during the
15th century. Similarly the Northern Plains were affected by a drought at this time from 1387 to
1402 (Stahle et al. 2007). Lehmer (1971b) asserts that groups of the Extended Middle Missouri
tradition living in central South Dakota abandoned their villages at approximately AD 1550. The
time frame of these reconstructions is consistent with the Neo-boreal episode, thus possibly
affecting the lives of people living in this area. However, the extent to which these changes
affected Middle Missouri groups is not agreed upon by all researchers. Some maintain that these
conditions did not limit the amount of available resources (Cook, 1977).
In South Dakota during the Neo-boreal episode the size of Extended Coalescent villages
were smaller and were occupied for shorter intervals. This may have been due to the decrease in
available resources as a result of the difficult climatic conditions (Lehmer, 1971b). Using the
Bryson model (Bryson et al. 1970) and the descriptions of Lehmer (1971b), all of the groups that
were analyzed in this dissertation could have been affected by the Neo-boreal episode and may
have experienced limited nutrition thereby causing several of the biological stresses analyzed in
this dissertation.
The groups analyzed in this dissertation may also have experienced a dry period in AD
1500-1650 and a wet period in AD 1650-1750, as indicated from diatom analyses on the
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Northern Great Plains (Fritz et al. 2000). Furthermore the time period AD 1200-1350
experienced increased precipitation although short-term droughts did occur, as indicated by
diatom analyses (Laird et al. 1998). This is supported by other diatom analyses from lakes in the
Northern Prairies of the United States and Canada that indicated that droughts occurred
intermittently in the last two millennia in this region (Laird et al., 2003).
A drought in the Great Plains during the mid-17th century that lasted for six years (Cook
et al., 2007) may have affected those groups living during the Extended Coalescent. Several treering reconstructions indicated the presence of droughts that may have affected parts of the Great
Plains. One reconstruction indicated the presence of a drought in the mid-1700s in the Northern
Plains (Shapley et al. 2005). Another tree-ring reconstruction indicated droughts affecting the
western and central United States in the 1730s, approximately 1820, mid-1840s and early 1860s
(Woodhouse and Brown, 2001). Lastly, tree-ring records indicated the presence of severe
droughts that lasted 5-10 years in the 1750s, 1820s and 1860s on the Great Plains (Stockton and
Meko, 1983; Meko, 1995). These droughts may have affected the groups of the Postcontact and
Disorganized Coalescent periods by limiting their access to adequate nutrition thereby inducing
biological stresses such as linear enamel hypoplasias, porotic hyperostosis/cribra orbitalia and
short stature.
The four Arikara groups under analysis in this dissertation were primarily
horticulturalists. Given their dietary reliance on crops as well as food that was gathered difficult
climatic conditions could have limited the amount of resources, whether grown or collected, as
has been suggested for those groups living during the Postcontact Coalescent (Lehmer, 1971a;
Jantz and Owsley, 1984; Owsley and Jantz, 1985). Drought, floods, frosts and grasshoppers have
been implicated in limited resources and poor nutrition for the historic Arikara (Owsley and
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Bruwdelheide, 1997). This, coupled with a reduction in the amount of bison hunting parties due
to pressure from the Sioux raiding villages through the use of the horse, might have also limited
adequate nutrition (Lehmer, 1971a; Owsley et al., 1977). A limitation in adequate nutrition in
turn would have induced biological stresses in the form of linear enamel hypoplasias, porotic
hyperostosis/cribra orbitalia and short stature.
A dearth of adequate nutrition is known to prohibit the growth process, causing stunting,
or shorter height than is expected. Juveniles are particularly susceptible to this form of
environmental stress since their skeletons are still growing (Goodman and Armelagos, 1989;
Golden, 1994; Martorell et al., 1994; Humphrey, 1998; Mays and Ives, 2009). This phenomenon
has been observed at several Arikara sites. Short long bone length for gestational age has been
noted at Postcontact groups (Owsley and Jantz, 1985) and for groups during the Disorganized
Coalescent (Jantz and Owsley, 1984).
Similarly, porotic hyperostosis/cribra orbitalia and linear enamel hypoplasias can also be
induced by nutritional deficiencies (Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003;
Walker et al., 2009). Linear enamel hypoplasias, porotic hyperostosis/cribra orbitalia have been
identified at the Mobridge and Larson sites (Palkovich, 1981b; Offenbecker, 2011). Short stature,
linear enamel hypoplasias, porotic hyperostosis/cribra orbitalia may have increased the risk of
death from infectious diseases such as tuberculosis or treponematosis and/or warfare related
trauma (Milner et al., 1991; DeWitte and Wood, 2008; DeWitte, 2010; DeWitte and HughesMorey, 2012).
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Social and Cultural Practices of the Arikara
The Arikara practiced horticulture and hunting. They grew maize, pumpkins, squash,
beans, watermelon, sunflowers and tobacco. The Arikara also collected various berries, fruits,
beans, turnips and wild onions. The gathering of various plants was the primarily the job of
women. Additionally, they hunted bison, buffalo and fished (Denig, 1961; Owsley and
Bruweldheide, 1997; Parks, 2001b).
Politically, groups were organized into villages or bands with hereditary chiefs
(Blakeslee, 1994; Parks, 2001b). Villages were mostly composed of a large kin group with an
older woman as the head of an earthlodge. Arikara society was stratified and contained social
groupings (Parks, 2001b). In fact, this social ranking has been identified within cemeteries
among the Arikara and other Plains groups (O’shea, 1998). The highest group was composed of
leading families from whom religious chiefs were descended. This position was passed down
patrilineally. Below the chiefs were the doctors and then the errand man and crier. These
individuals were assistants to the chiefs. The majority of Arikara society was composed of
common people whose status could be elevated through successful war activities, for example.
This would be achieved through large parties attacking villages to kill as many males as possible.
Smaller parties would attack individuals. After a successful attack, scalps were taken from
victims and placed on display. This was common to large and small expeditions (Parks, 2001b).
The Arikara maintained an oral history in the form of true stories and fictional tales.
Paramount among these was the story of the Scalped Man. Among the Arikara and Pawnee this
was an individual who survived scalping during battle but was not allowed back into normal
society. On the whole, these individuals bequeathed supernatural powers to other individuals
(Parks, 2001b). This story reflects the significance of scalping among the Arikara.
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The Arikara are one of the Caddoan speaking groups that inhabited the Plains. There are
five Caddoan languages: Arikara, Pawnee, Kitsai, Wichita and Caddo (Parks, 1979; Parks,
2001a). The Proto-Caddo language is divided into Northern Caddoan speakers, the Kitsai,
Wichita, Pawnee and Caddo speakers who were located in Oklahoma, Arkansas, Louisiana and
Texas during Woodland times. The Skiri, South Band and Arikara dialects are included in the
Pawnee language. The Pawnee language can be divided into two dialects: the Skiri-South Band,
which also eventually separated into two dialects and the Arikara dialect. The Arikara dialect is
the northernmost Caddo language and is most closely related to the Pawnee dialect (Schlesier,
1994; Parks, 1979; 2001a).
The Arikara dialect is thought to have eventually diverged from the Pawnee language and
became its own language (Goddard, 2001; Parks, 2001a). The Pawnee and Arikara languages
(both Caddoan) are similar to each other, more so than they are to the Siouan language of the
Mandan and Hidatsa (Goddard, 2001). The development of the Arikara dialect is based on
several temporally older phonetic and phonological alterations that the Arikara have maintained
but that have been lost in the Pawnee. Due to linguistic, geographical and political differences
these two dialects are considered to be separate languages. They are thought to have been
separate for at least 500 years. This is based on an impressionistic interpretation to account for
the differences between these two languages (Parks, 1979; 2001a). This 500 year divergence
between the Pawnee and Arikara may have occurred at approximately AD 1450 at about the
same time when the Initial Coalescent Variant appeared in the Middle Missouri Valley (Grange,
1979). This information adds further credence to the separation of the Pawnee and Arikara and of
the Arikara and the Siouan speakers.
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Summary
The prehistoric and historic periods on the Great Plains was a time of intense upheavals,
including environmental disturbances, population movements, Euro-American investigations,
disease epidemics and warfare. This project questions whether these disruptions to the
individuals living on the Great Plains were intense enough to induce pathological changes in the
form of biological stresses and whether the presence of these biological stresses affected risk of
death from infectious disease or warfare-related trauma. The results of these analyses will be
discussed in Chapter 7.
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CHAPTER 5
SKELETAL MATERIALS
The populations living on the Great Plains during the pre-contact and post-contact time
periods experienced climatic changes, disease epidemics, warfare and they interacted with
European-Americans. The individuals living at the four Arikara sites curated at the Department
of Anthropology at UTK also experienced these stresses. These experiences can affect an
individual biologically and increase his or her risk of death. These samples date from 1600 to
1832 and represent an opportunity to analyze risk of death in a stressful context.
The skeletal remains from the Mobridge, Anton Rygh, Larson and Leavenworth
collections were examined for the co-occurrence of skeletal stress markers and infectious disease
and for the co-occurrence of skeletal stress markers and warfare related trauma. Risk of death
from infectious disease and warfare related trauma, given the presence of a stress marker, was
statistically tested. Other Arikara skeletal collections curated at the Smithsonian Institution in
Washington, D.C. are not available to researchers as they have been offered for repatriation to
descendant communities (Hunt, personal communication 2013). These four collections were
combined and analyzed as a single sample to provide more power to the statistical analyses, as
was done in a previous project utilizing different skeletal samples (Minsky-Rowland, 2011).

Individual Sites
Much of the Middle Missouri River Valley was excavated as part of the River Basin
Surveys conducted by the National Parks Service and the Smithsonian Institution. Excavation of
archaeological sites located along the Missouri River was undertaken because they were
threatened by the creation of dams and reservoirs that would flood these sites. Between 1950 and
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1969, 200 archaeological sites had been excavated by professional archaeologists (Lehmer,
1971a). The excavation history, sample size information and pathological documentation of the
individuals at these sites is discussed below. The sample sizes listed for each site is based on
published data of both adults and juveniles. A total, final sample size is listed in Chapter 6.

Mobridge 1 (39WW1)
Mobridge (n=250; 1600-1650AD) is considered part of the Extended Coalescent variant
(Owsley et al., 1982; Jantz and Owsley, 1984; Johnson, 1998). This site is located about 1,275
miles above the Missouri River (Wedel, 1955). It is a multicomponent site with a village and
three different burial areas, or features. Mobridge 1 dates to 1600-1650 A.D. and Mobridge 2
dates to 1675-1700 A.D. A third feature at the site contains limited skeletal material (Palkovich
1981a; Owsley et al., 1982; Kelley et al., 1994). Features 1 and 3 contained few European
artifacts, whereas 20% of the burials in Feature 2 contained European items (Owsley et al.,
1982). In a study on the temporal and biological relationships between these three areas, Owsley
and colleagues (1982) determined that Features 1 and 3 are earlier than Feature 2. W. M. Bass
excavated Features 1, 2 and 3 in 1968-1970 and D. H. Ubelaker excavated Feature 2 in 1971
(Bass, 1970; Owsley et al., 1982).
Several pathological conditions have been previously identified in the Mobridge sample
including: skeletal tuberculosis (Palkovich 1981a; Kelley et al., 1994), linear enamel
hypoplasias, porotic hyperostosis, cribra orbitalia, and treponematosis (Palkovich, 1981b;
Offenbecker, 2011). Scalping was identified at Mobridge in a combined sample with other
Coalescent sites documenting warfare (Owsley, 1994). Owsley’s study (1994) however, only
analyzed skeletal remains for scalping and not blunt force trauma.
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Anton Rygh (39CA4)
Anton Rygh (n=~32; 1600-1650/1700AD) is also considered part of the Extended
Coalescent variant (Jantz, 1972; Owsley et al., 1982; Jantz and Owsley, 1984; Johnson, 1998).
The site is located in Campbell County, South Dakota, on the left bank of the Missouri River. It
was initially excavated by W.D. Strong in 1932, with further excavations by A. W. Bowers in
1957-1963 with the University of Idaho and yielded at least 15 burials. He located four
occupations that he called Rygh I, II, III and IV (Bowers, 1958; Jantz, 1972; Strong, 1972).
Rygh I was the largest occupation and was not fortified. Rygh II and III were fortified (as
indicated by the presence of fortification ditches) and contained post-contact pottery similar to
that of Rygh I. Rygh IV contained European trade items. The first three occupations are
considered to be of the same (unnamed) cultural tradition, and Rygh IV is considered to be part
of the early historic tradition. It is not clear from Bower’s (1958) descriptions if these are
sequential occupations. Bower’s excavations yielded at least 15 burials that came from Rygh III,
outside the fortification. European trade goods were not located with these individual (Bowers,
1958; Strong, 1972; Jantz, 1972
The University of Kansas recovered four burials in 1965 west of where the village was
located. Several disarticulated skeletons were located by nonprofessionals or were salvaged from
flooding of the Oahe Reservoir on the river banks (Bowers, 1958; Strong, 1972; Jantz, 1972;
Knudson et al. 1983). The Oahe Reservoir is the longest reservoir in the region and is one of five
that drained the Missouri River. Several dams in the area were closed causing the reservoirs to
flood archaeological sites (Lehmer, 1971a).
The Anton Rygh collection is currently split between the University of Tennessee at
Knoxville and the National Museum of Natural History (Smithsonian) and is composed of
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approximately 32 burials (Jantz, 1972). Scalping, though not other indicators of violence, was
documented as part of a combined sample with other Coalescent sites (Owsley, 1994).
Individuals from Anton Rygh have been mostly included in analyses of skeletal variation (Jantz,
1972; Owsley et. al. 1982; Jantz and Owsley, 1984; Owsley and Jantz, 1985), dental eruption
(Owsley and Jantz, 1983) and warfare (Owsley, 1994).

Larson (39WW2)
Larson (n=800-900; 1750-1785AD) is considered part of the Post-contact coalescent
period and contained European trade goods suggesting ongoing trade between the people at the
Larson site and Europeans (Owsley et al, 1977; Jantz and Owsley, 1984; Blakeselee, 1994;
Johnson, 1998). Larson was excavated by Alfred Bowers in 1963 and 1964 as part of the River
Basin Survey and later by W.M. Bass in 1966-1968 (Bowers, 1967; Jantz, 1972).
The Larson site is composed of a village and cemetery. Scattered skeletal remains on the
floors of the village lodges exhibit evidence of scalping, decapitation, blunt force trauma to the
faces/skulls and limb removal. These skeletal markers of warfare suggested that a raid occurred
here (Owsley et al., 1977). In fact, the skeletal analyses of the current project indicated that the
preservation of those individuals in the village lodges was much worse than those individuals in
the cemetery. Linear enamel hypoplasias and cribra orbitalia have been previously documented
at Larson (Offenbecker, 2011).
Leavenworth (39CO9)
Leavenworth (n=343; 1800-1832AD) is part of the Disorganized Coalescent variant
(Strong, 1972; Lehmer, 1971a; Jantz; 1972; Owsley et al., 1982; Jantz and Owsley, 1984).
Excavations of this site have been conducted since the early 19th century, the first of which was
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conducted by W.H. over in 1915 and 1917. In 1923 M.W. Stirling excavated 33 individuals and
in 1932 W.D. Strong excavated here as well. The number of individuals recovered from these
excavations is 343, with the most (285) being excavated by W. M. Bass in 1965-1966. The site
itself was used by the Arikara from approximately 1800 to 1832. Five separate areas were
identified in the cemetery (A, B, C, D, and E) (Bass et al., 1972; Lehmer, 1971a; Jantz;
1972;Strong, 1972). Tuberculosis has been documented at this site (Kelley et al. 1994) as well as
scalping as part of a combine sample with other Coalescent sites (Owsley, 1994). As previously
discussed, this site was demolished by Colonel Leavenworth and several hundred Dakota Sioux
(Owsley, 1994; Parks, 2001). This is reflected in the poor preservation of the skeletal remains
discussed in Chapter 6.
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CHAPTER 6
METHODS
Risk of death among the Arikara was calculated using paleodemographic data that was
analyzed using specific statistical methods. This data included: sex estimation, age estimation,
identification of infectious disease, stress markers and trauma. Analysis of the paleodemographic
data began with an intraobserver error test of sex estimation, age estimation and
paleopathological diagnoses. These tests include: paired t-tests for continuous data (i.e. final age
estimates and long-bone measurements), Cohen’s Kappa for discrete data (i.e. presence/absence
scores for pathology, trauma and sex estimates) and categorical data (i.e. individual TA trait
scores). Risk of death was estimated with statistical models for specific conditions in different
age cohorts. These tests were both semiparametric and parametric.
Semiparametric tests are useful for censored data and make fewer assumptions on the
hazard rate than parametric tests do (Wood et al., 1992b; Kleinbaum and Klein, 2012). These
tests include: Kaplan-Meier estimates with log-rank tests with survivorship estimates and the
Cox proportional hazard model. These tests were used to answer hypotheses 1 and 2 of this
dissertation that is, to estimate risk of death from infectious disease or trauma given the presence
of a pre-existing skeletal stress marker. Kaplan-Meier estimates with log-rank tests were further
used to answer hypothesis 3 that is, to compare the age-at-death distributions of adults with or
without a skeletal stress marker. For this question, the analyses were carried out in a two step
process. Survivorship of individuals with or without a stress marker was compared for all adult
individuals. Then, survivorship of individuals with or without a stress marker was compared for
adults in their reproductive years (15-40).
Hypothesis 3 was also answered using the parametric Gompertz-Makeham and Gompertz
hazard analysis. Parametric models have been recently implemented in the field of
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bioarchaeology and represent an improvement to calculating paleodemographic data over the
traditional life-table approach (Wood et al., 2002; Milner et al., 2008). The Gompertz model
assesses risk of death from adult mortality and the increase in mortality with age. The GompertzMakeham model estimates risk of death from a third cause: random causes of death that are not
age related (Gage, 1989; 1991; Wood et al., 2002). Utilizing these tests contributes to the current
anthropological discourse regarding risk of death and the significance of age- and sex-specific
lesion frequencies. Each set of analyses was conducted separately for males and for females.

Paleodemographic Data
As discussed in Chapter 3, the first step in any anthropological analysis of a skeletal
sample is the estimation of sex and age so that the mortality distribution can be constructed
(Angel, 1969; Howell, 1976; Konigsberg and Frankenberg, 1992; 1994; 2002; Milner et al.,
2008). Furthermore, any paleopathological analysis requires the accurate description and
recording of observable skeletal reactions. An accurate differential diagnosis is dependent on age
and sex estimates (Buikstra, 1976; Buikstra and Cook, 1980; Ortner, 2009; Ortner, 2012). Since
the mortality distribution is composed of those individuals who are at the highest risk of death
within an age cohort, the statistical analysis of risk of death is predicated on the accurate
identification of this demographic and pathological data, so that the results do not under- or overestimate risk of death for a given subgroup within the population (Wood et al., 1992a; 2002)

Sex Estimation
Humans are sexually dimorphic meaning that the two sexes of a given species look
different than one another. Differences in the morphology of a given structure (in the case of
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humans, skeletal structures) reflect differences in functional anatomy or behavior. Morphological
sex can be reliably estimated after puberty, when an individual will display sex-specific
characteristics, in the skeleton, due to a rise of sex hormones (Buikstra and Ubelaker, 1994;
Scheuer, 2002; Roberts and Manchester, 2005; White et al., 2012). The skull and pelvis are two
of the most reliable elements for sex estimation as they are highly sexually dimorphic, although
postcranial measurements were recently proposed to be more reliable than the skull (Spradley
and Jantz, 2011).
During the course of analysis as it was observed that the Arikara are particularly sexually
dimorphic and so observation of cranial and pelvic traits was relied upon. Observation of these
traits has been found to be about 80% reliable in other populations (Walker 2005; 2008). Many
of the Arikara who were so fragmented or poorly preserved that sex estimates could not be
recorded from the skull or pelvis were equally fragmented such that pathological data could not
be collected. An individual who could not been assessed for pathological data would have
ultimately been excluded from the statistical analyses. The process of data collection is further
discussed below. Out of the original sample (approximately 560) approximately 133 burials
could not be examined for age and/or sex due to fragmentation and/or commingling.
Sex-estimation was the first step in the osteological analysis as age estimation is sexspecific. The methods discussed in Buikstra and Ubelaker (1994) and Walker (2005) were used
to estimate the sex of adult individuals. After sexual maturity, female pelves will become broad
whereas male pelves retain the narrow juvenile form (Buikstra and Ubelaker, 1994). This is to
accommodate childbirth, a function specific to females (Scheuer, 2002). Methods for estimating
the sex of an individual from the pelvis include those of Phenice (1969) that focuses on the
ventral arc, subpubic concavity and the ischiopubic ridge, all located on the pubic bone. The
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ventral arc is an elevated, arc-like ridge, on the ventral side of the pubic bone, that is prominent
in females and often absent, or straight in males. The subpubic concavity is on the inferior pubic
ramus and is concave in females and convex or straight in males. The ischiopubic ramus ridge is
located below the pubic bone where the bone is narrow and straight in females and broad and flat
in males.
In addition to these features, the morphology of the greater sciatic notch was also
recorded. This notch is located on the medial and posterior aspect of the ilium bone and is wider
in females and than in males. Walker (2005) demonstrated that more than 80% of pelves were
correctly classified using visual observation of the greater sciatic notch. Lastly, the preauricular
sulcus, located on the superior border of the greater sciatic notch, is wide and deep in females
and is either shallow or absent in males (Buikstra and Ubelaker, 1994).
At sexual maturity, the male skull begins to exhibit areas of increased robusticity or
rugosity where muscle attachments occur. This is to accommodate their on average larger
muscles when compared to females. Adult female skulls are more gracile and retain their
juvenile appearance. For example, the nuchal is the site of attachment for nuchal (neck) muscles
and the mastoid process is the site of muscle attachment for the sternocleidomastoid muscle.
These larger muscles in the male individual will require larger muscle attachment points
(Steadman and Andersen, 2008).
Therefore, on average, the nuchal crest located on the occipital bone, the mastoid process
on the temporal bone, the supra-orbital margin above the orbit, glabella superior to the supraorbital margin and the mental eminence on the mandible are all larger in males. Finally, the male
mandible is overall more square than the female mandible (Buikstra and Ubelaker, 1994; White
et al., 2012).
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Walker (2008) documented that more than 88% of skulls were correctly classified using
the methods specifically documented in Buikstra and Ubelaker (1994). This percentage varied
slightly between different populations and was dependent on how many skull traits were
included in the analysis. However, care must be taken when estimating the sex of an older
female, as these skull features may become increasingly robust with age in female individuals.
Furthermore, many of these traits are population dependent and are expressed differently in
different ancestral groups (Walker, 1995; 2008).
The pelvic and skull features were all scored on a numeric scale and recorded using the
recording form provided by Buikstra and Ubelaker (1994). If there was a discrepancy between
the skull and pelvis of an adult, or if more pelvic traits were available than skull traits, the pelvis
was privileged as it is more reliable than the skull (Buikstra and Ubelaker, 1994). However, if
only the skull was available or if the pelvis was too fragmented for a reliable sex estimate, the
skull was privileged. If the sex of an individual could not be reliably estimated with either
element then the individual was excluded from the sex-specific analyses.
While it was observed that he Arikara are particularly sexually dimorphic in that adult
males and females exhibit the extreme expression of their respective sex trait, in cases of
fragmented or adolescent individuals (15-20 years of age), sex was occasionally difficult to
estimate. In cases where an individual was scored as a “probable male” or “possible male” the
individual was entered into the ADBOU age estimation program as a male, (or female,
respectively). The program does not allow for possible or probable cases and so the most likely
sex estimate was used for adult age estimation.
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Adult Age Estimation
The Transition Analysis (TA) aging method, discussed in Chapter 3, provides a point
estimate of age at death and 95% confidence intervals to provide an age range. These analyses
are carried out in the free computer program, ADBOU. When using this method each feature is
scored by the observer. Tables 2-4 lists the features and their anatomical locations that are scored
using this method. Scoring manuals are available for download (Boldsen et al. 2002; Milner, et
al., 2008; http://math.mercyhurst.edu/~sousley/Software/).
When scoring features on the os coxa, both the left and right sides are scored. Table 2
lists the scoring system for the pubic symphysis and Table 3 lists the scoring system for the
auricular surface. When scoring the cranial sutures (Table 4), only the left sides are scored. Since
the TA aging method is a multifactorial component system, it is possible for ADBOU to
accommodate missing data. That is, if one side of the os coxa is not available and/or if one
component for a skeletal trait is not available an age estimate can still be achieved. Similarly, an
age estimate can be generated using 2 or even 1 skeletal element. However, the more skeletal
data that is input into the system, the more accurate the final age estimate is. In the case of
cranial sutures, if the left side was not available, the right side was used instead.
The ADBOU system generates an age estimate for each skeletal feature individually.
Using all of these features, the system also generates an “all correlated” maximum-likelihood
estimate of the age of the individual and 95% confidence intervals using all of the skeletal data
available in the system. This confidence interval is the age range of the individual and the MLE
is the point estimate that is input into the semiparametric and parametric analyses, discussed
below. These point estimates were also used to determine if an individual’s age was within the
15-40 age range predetermined for hypothesis 3, discussed below.
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Table 2. Scoring system of the TA method for the pubic symphysis (Boldsen et al., 2002)
Score Symphyseal Symphyseal
Relief
Texture

1
2
3

4
5

(entire
surface)

(dorsal
demiface)

Sharp
billowing
Soft, deep
billowing
Soft,
shallow
billowing
Residual
Billowing
Flat

Smooth
(fine grained)
Coarse
Grained
Microporosity

Superior
Apex
(superior
end of the
symphyseal
face)
No
protuberance
Early
Protuberance
Late
Protuberance

Macroporosity Integrated

Irregular

6
7

Ventral
Symphyseal
Margin

Dorsal
Symphyseal
Margin

(ventral
demiface)

(dorsal
demiface)

Serrated

Serrated

Beveling

Flattening
Incomplete
Flattening
Complete

Rampart
formation
Rampart
completion I
Rampart
Completion II
Rim
Breakdown

Rim
Breakdown

The scores input into the ADBOU computer program are compared to a prior known age
at death distribution (f|a) included in the ADBOU program. They consist of a 17th century Danish
Archaeological sample or a 20th century homicide sample. Furthermore, the observer is able to
select whether the target individual is male, female, of unknown sex, black, white or of unknown
ancestry. In accordance with Bayes Theorem, the prior distributions are then used to estimate the
posterior probability or Pr(a|c), by multiplying them by the likelihood function (Konigsberg and
Frankenberg, 1994). This will determine the probability that the skeletal remains are from a
person who died at age a given the evidence concerning c, the skeletal traits (i.e. Pr(a|c)). The
researcher chooses which prior to use. For this project, the archaeological prior was used because
of the priors available; this one most closely matches that of the unknown sample being
analyzed.
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Table 3. Scoring system of the TA method for the auricular surface (Boldsen et al., 2002).
Score

Superior demiface Inferior
topography
demiface
topography
(Superior
demiface)
(Inferior
demiface)

1

Undulating

Undulating

2

Median elevation

Median
elevation

3

Flat
to irregular

Flat
to irregular

Inferior surface
texture
(Inferior angle)

1
2

Smooth
Microporosity

3

Macroporosity

4
5
6
7

(Superior
part of
the
auricular
surface)
>2/3 covered
by billows
1/3-2/3
covered by
billows
<1/3 covered
by billows

Apical
Morphology
(Apical/
middle
surface
morphology)

Inferior
surface
morphology
(Inferior part
of the
auricular
surface)

>2/3 covered
by billows
1/3-2/3
covered by
billows
<1/3 covered
by billows

>2/3 covered
by billows
1/3-2/3 covered
by billows

Flat (no
billows)
Bumps

Flat (no
billows)
Bumps

Flat (no
billows)
Bumps

Superior
posterior
iliac
exostoses

Inferior
posterior
iliac
exostoses

Posterior
exostoses/
spicules

(Superior
part of the
posterior
ilium)
Smooth
Rounded
bony
elevations
Pointed
exostoses
Jagged
exostoses
Touching
exostoses
Fusion

(inferior
part of the
posterior
ilium)
Smooth
Rounded
bony
elevations
Pointed
exostoses

4
5
6
7
Score

Superior
surface
Morphology
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(Posterior
to the
sacroiliac
joint)
Smooth
Rounded
bony
elevations
Pointed
exostoses

<1/3 covered
by billows

Table 4. Scoring system of the TA method for the cranial sutures (Boldsen et al., 2002).
Score Coronal
Pterica
(left)

1
2
3
4
5

Open
Juxtaposed
Partially
obliterated
Punctuated
Obliterated

Sagittal
Obelica

Open
Juxtaposed
Partially
obliterated
Punctuated
Obliterated

Lambdoidal Zygomaticomaxillary Interpalatine
Asterica
(left)
(median
(left)
palatine,
posterior
portion)
Open
Open
Open
Juxtaposed
Juxtaposed
Partially
Partially obliterated
Partially
obliterated
obliterated
Punctuated
Punctuated
Punctuated
Obliterated
Obliterated
Obliterated

Identification of Infectious Disease
Infectious diseases may cause any number of skeletal reactions, however, careful
attention to the location and type of lesion will assist in the diagnosis of a health condition
(Buikstra, 1976; Ortner, 2003). As discussed in Chapter 2, tuberculosis primarily causes lytic
lesions and was identified from lytic lesions of the lower thoracic vertebrae, lumbar vertebrae
and of the acetabulum of the pelvis and sacroiliac joint. Periostitis located on the internal aspect
of the ribs was also used as a diagnostic feature, as it has been found to be a reliable indicator of
tuberculosis (Kelley and Micozzi, 1984; Kelley et al., 1994; Matos and Santos, 2006). These are
the primary diagnostic traits discussed by Buikstra (1976), Aufderheide and Rodriguez-Martin
(1998), Ortner, (2003), Roberts and Buikstra, (2003) and Roberts and Manchester (2005). Table
5 lists the diagnostic criteria and system used to identify tuberculosis in this sample. Figures 1-3
demonstrate the variation in these reactions that was observed in this sample. Figures 1-2 exhibit
typical lytic reactions on the vertebrae caused by tuberculosis. In addition, Figure 2 exhibits
typical reactions to the ribs. The same individual was recorded as having linear enamel
hypoplasias. Lastly, Figure 3 exhibits lytic reactions to the femur an acetabulum.
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Table 5. List of criteria used to diagnose tuberculosis (Buikstra (1976; Aufderheide and
Rodriguez-Martin 1998; Ortner, 2003; Roberts and Buikstra, 2003 and Roberts and
Manchester, 2005).
-/+
Lytic lesions
to lower spine,
kyphosis

-/+
Periosteal
deposition, lytic
lesions to ribs

-/+
-/+
Lytic lesions to
Tuberculosis
large joints
(hip, knee, shoulder)

+

+

+

+

Vertebrae
unavailable
Vertebrae
unavailable
Vertebrae
unavailable
Vertebrae
unavailable
+

+
+
Ribs unavailable

+
+
-

+
+
+
Not included

Ribs unavailable

+

+

+

-

+

-

+

+

Ribs unavailable

-

+

-

Ribs unavailable
Ribs unavailable

-

+

Ribs unavailable

-

Ribs unavailable

Long bones
unavailable
Long bones
unavailable
Long bones
unavailable
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+
-

A

B

C
D
Figure 1: Female individual from Mobridge 41-81.7 (62.4) years old. Tuberculosis lesions to
T12-L4 (A); left lateral view of L1, with complete destruction of the vertebral body (B); right
lateral view of L2 with near complete destruction of vertebral body (C); lytic lesions to right
lateral side of T12 (D).
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A

B

C

D

E
Figure 2. Female individual from Larson 15-23.6 (15) years old. Anterior view of L5 indicating
complete loss of vertebral body due to lytic reaction (A); right lateral view of unidentifiable
vertebral body, neural arch lost due to lytic reaction (B); right os coxa with periosteal deposition
to ilium (C); right ribs 11 and 12 with periosteal deposition to internal aspects; linear enamel
hypoplasias to right mandibular canine (E).

142

B

A

C

D

Figure 3. Male individual from Leavenworth 27.2-49.6 (27.2) years old. Possible case of
tuberculosis. Lytic lesions to right hip joint (A).Femoral head and trochanters exhibit lytic
lesions (B); new bone growth to right ilium (C); lytic lesion to posterior right ilium over
acetabulum (D).
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Treponematosis is a mixed blastic and lytic disease and was identified based on the
presence of caries sicca to the skull vault (Figures 4-6), perforation of the hard palate/nasal
regions and periosteal deposition on any of the long bones, particularly the anterior crests of the
tibiae (Figures 4-5). These are the primary diagnostic traits discussed by Aufderheide and
Rodriguez-Martin (1998), Ortner, (2003) and Powell and Cook, (2005). Furthermore, as the tibia
is the second most likely area to exhibit reactions (after the skull) deposition to the tibia and/or
long bones, in the absence of cranial reactions was relied on for a diagnosis (Ortner, 2003). The
criteria used to diagnose treponematosis in this sample are listed in Table 6.

Table 6. List of criteria used to diagnose treponematosis (Aufderheide and RodriguezMartin 1998; Ortner, 2003; Powel and Cook, 2005).
-/+
Caries Sicca

-/+
Nasal-palate
perforation
(or other
facial
reactions)

-/+
Periosteal deposition
to long bones
(at least
bilateral/anterior
crest of tibia)

-/+
Treponematosis

+

+

+

+

Skull
unavailable
Skull
unavailable
-

+
Skull
unavailable
Skull
unavailable
+

+
-

+
+
-

+

+
+

+

-

-

-

Long bones
unavailable
Long bones
unavailable
Long bones
unavailable
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+
-

A

B

C
D
Figure 4. Female individual from Larson 21.7-36.9 (27.8) years old. Caries sicca to left lateral
skull (A) and superior vaults (B); periosteal deposition to tibiae (C) and right fibula (D).

A
B
Figure 5. Female individual from Larson 28.1-55.7 (39) years old. Right lateral view of skull,
lytic lesions to parietal and temporal bones (A); left and right tibia with periosteal deposition (B).
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A

B

C
Figure 6. Female individual from Mobridge 18-29.8 (18) years old. Periosteal deposition to right
zygomatic (A) and left zygomatic (B) and right zygomatic; lytic lesion to frontal bone (C).
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Identification of Skeletal Indicators of Stress
Porotic hyperostosis is identified based on pores on the ectocranial surface of the parietal,
frontal and occipital bones of the skull. Cribra orbitalia is a similar morphology on the orbital
roofs (Ortner, 2003). While these conditions are more common in children, they may be
observed in adults in the absence of full remodeling (Stuart-Macadam, 1985; Stuart-Macadam,
1989; Wright and Chew, 1998; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Walker
et al., 2009; DeWitte, 2010a).
Porotic hyperostosis was identified based on active (clear margins) pinprick porosity on
the skull vault (i.e. frontal, parietal and occipital bones). Figures 7-8 demonstrate the variation in
this reaction observed in this skeletal sample. The individual in Figure 7(C) exhibits sclerotic
porotic hyperostsis on the occipital bone. The individual in Figure 8 also exhibits sclerotic
hyperostosis, but the condition is more extensive. Cribra orbitalia was identified based on similar
porosity on the orbital roofs. Figure 7 (A and B) exhibits an active case of this condition in both
orbits. Porosity associated with these conditions was differentiated from normal porosity based
on an increase in frequency of the porosity as well as an increase in size of the porosity. These
features were scored on a presence/absence scale, as well as on an ordinal scale (described
below).
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A

B

C
Figure 7. Male individual from Larson 18.4-23 (18.4) years old. Active cribra orbitalia in both
orbits (A) (B). Possible porostic hyperostosis to posterior aspects of parietals and occipitals.

Figure 8. Female individual from Larson 17.6-30.2 (23) years old. Porotic hyperostosis to
posterior aspects of both parietals
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Linear enamel hypoplasias commonly form on the maxillary central incisors and
mandibular canines. These teeth were analyzed for the presence of this condition. Definitive
linear enamel hypoplasias were identified based on the presence of a deep groove. Shallow
grooves or pits were not recorded since they are visually ambiguous (Goodman and Rose, 1991;
Lewis and Roberts, 1997; Aufderheide and Rodriguez-Martin, 1998; Ortner, 2003; Armelagos et
al., 2009). Examples of this condition are demonstrated in Figures 2 and Figures 9-10. These
features were scored on a presence/absence scale (discussed below).
In the case of extreme dental wear or enamel loss (due to poor preservation), an
individual was excluded from the sample as it could not be confidently determined that he/she
did/did not exhibit this condition. This project is not concerned with the age at which an
individual developed linear enamel hypoplasias. As such these grooves were not measured. In
this project, it is only significant that an individual exhibits or does not exhibit a biological stress.
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A

B

C
Figure 9. Male individual from Larson 35.8-77 (54.4) years old. Linear enamel hypoplasias to
both maxillary canines (A); close-up of right maxillary canine (B) and left maxillary canine (C).
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A

B

C

D

E
Figure 10. Male individual from Larson 27.7-44.7 (34.6) years old. Linear enamel hypoplasias to
the right mandibular canine (A) (B); right maxillary canine (C); right maxillary central incisor
(D) and right maxillary lateral incisor (E).
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The tibiae and femora were measured as proxies for stature (DeWitte and Hughes-Morey,
2012). Long bone measurements were taken according to the standards listed in Buikstra and
Ubelaker (1994). To measure the maximum length of the tibia the medial mallelous and the
lateral condyle of the head were included. To measure the maximum length of the femur, the
superior point of the head and the inferior point of the condyles was included. Each individual
bone was adjusted on the osteometric board to ensure that the maximum length was recorded.
The proximal and distal epiphyses must be completely, or nearly completely, fused in
order to yield an accurate stature estimate. Individuals with open epiphyses may still have been
growing at the time of death and so their height at death will not reflect their final adult height. In
the case of fragmentary remains where the tibiae and/or femora cannot be accurately measured
then adult stature was not estimated. As the left side is preferential for long bone measurements
(Buikstra and Ubelaker, 1994) this side was relied on when estimating average stature as well as
individual stature. The right side was used when the left was not available.
In a similar study that considered short stature an indicator of biological stress that may
have affected later adult health, if an individual was one standard deviation above or below the
average stature for males or for females he/she was considered tall or short, respectively
(DeWitte and Hughes-Morey, 2012).This methodology was followed in this project. However, it
should be noted that the use of this method in this project assumes that all of the individuals in
these four sites maintained the same proportions. Due to the shorter than average stature of the
Arikara discussed previously, this may not be the case. The Fully method for stature estimation
(Raxter et al., 2006) would be appropriate although it would limit the sample size since more
skeletal elements are required and preservation at some of the sites was poor.
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The combined femur and tibia measurements (for each individual side) were converted to
z-scores in SPSS to determine how many standard deviations an individual was above or below
the mean. This was done separately per side (left or right), sex and archaeological site. If an
individual was equal to or above the mean stature (femur+tibia length) for each site, respectively,
he/she was considered not to maintain short stature and therefore, not stressed. If an individual
was below the mean he/she was considered to be stressed. If an individual did not have these
elements, then stature could not be estimated. If sex could not be estimated for a particular
individual then that individual was excluded from the stature analyses, as stature is sex-specific.
In that case then an individual could only be included in the analyses if he/she contained the
necessary skeletal elements to be visually assessed for linear enamel hypoplasias or porotic
hyperostosis/cribra orbitalia.

Identification of Trauma
Documentation of interpersonal violence in this skeletal sample was based on blunt force
trauma to the cranium, scalping to the cranium, dismemberment of the limbs and projectile point
trauma. These skeletal markers of trauma were categorized as perimortem, antemortem and
postmortem trauma to determine their affect on death. The morphological differences between
these types of fractures are dependent on how dry the bone is.
Collagen, the organic component of cartilage and bone, gives bone its elasticity. A
decrease in collagen and therefore, moisture, will cause the bone to fracture (Galloway, 1999;
Ortner, 2003; Knusel, 2005). This collagen begins to diminish after death and so fractures that
occur before death (before collagen has decreased) will look different than those fractures that
occur after death (after collagen has decreased). Bone that is fresh or has only been deceased for
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a short time will still contain an elevated amount of moisture and the collagen will still be elastic.
Therefore, bone will resist fractures better. Once decomposition begins, the moisture and
collagen content begin to diminish and the bone will dry out. Dry bone will not resist fractures as
easily, producing smaller fractures common to the postmortem time period (Galloway, 1999).
Antemortem injuries, those that occur before death, will exhibit signs of healing. Bone
growth is identified based on the presence of woven bone (bone that is formed quickly and is
raised above the rest of the bone surface) and/or lamellar bone (organized woven bone that fuses
with the rest of the bone surface) at the site of trauma (Ortner, 2003). Postmortem fractures,
those that occur after death, will be lighter in color than the rest of the bone as the exterior of the
bone will have become discolored from the soil. Postmortem fractures will also result in a
transverse fracture outline with an irregular margin and have sharp, uneven edges. Postmortem
fractures are also more likely to cause smaller fragments. Perimortem fractures, those that occur
around the time of death, are more difficult to differentiate than antemortem or postmortem
trauma. This is due to incomplete drying of the bone shortly after death. These fractures can
break at acute angles and will not exhibit healing. The fracture will exhibit a helical fracture
outline and sharp fracture margins. It can also be identified based on penetration of the bone
(Galloway, 1999; Walker, 2001; Knusel, 2005; Bennike, 2008; Lovell, 2008; Mays, 2010).
Sharp force trauma is blunt trauma with a sharp object, such as a blade. This trauma can
be identified based on linear cuts and smooth edges on the bone surface (Knusel, 2005; Bennike,
2008; Smith et al., 2008). These smooth edges will be the same color as the external bone
(Milner et al., 2000). This type of trauma can be categorized into type of cutmark. A stab mark is
a wound that is deeper than it is wide. A chop mark is achieved using the edge of a blade and the
edges of the wound will be rough due to an increase in the force used to produce the wound.

154

Lastly an incised wound is longer than it is deep. Furthermore, if any of the above cutmarks are
produced with a significant amount of force, using wide blades, or if the handle of the blade
comes into contact with bone, defects from blunt force trauma can occur on the margins of these
wounds (Smith et al., 2008).
Scalping is a form of sharp force trauma in which the scalp of a victim is removed. This
has often been practiced by Native American groups, including the Arikara (Owsley, 1994;
Ortner, 2003). In this sample scalping was identified based on incised cutmarks to the frontal,
parietal, temporal and occipital bones (Smith, 1997; Ortner, 2003; Steadman, 2008). These
cutmarks were often very shallow, minimal in frequency and not always bilateral. Figures 11-12
exhibit these cutmarks. Cutmarks near the joints of the first and second cervical vertebrae, base
of the skull or mandible were used to indicate decapitation (Figure 14). Dismemberment was
identified based on linear cutmarks near joints of the limbs (Smith, 1997; Steadman, 2008;
Bennike, 2008; Mays, 2010) (Figure 13).
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A

B

C
Figure 11: Female individual from Anton Rygh 22.2-37.2 (28.4) years old. Scalping (indicated
by arrows) to anterior frontal bone (A), left parietal bone (B) and occipital bone (C).
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A

B

C

D

Figure 12. Male individual from Leavenworth 15-26.2 (15) years old. Scalping to occipital bone
and posterior right parietal bone (A-B) and right lateral aspect of right parietal bone (C-D).
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Figure 13. Female individual from Larson 28-51.8 (37.2) years old. Possible dismemberment to
right femur.

Figure 14. Probable female individual from Larson 26.6-54.8 (26.6) years old. Possible
decapitation to second cervical vertebrae.
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Similarly, trauma from projectile points was noted. This can be identified based on the
presence of an embedded projectile point (Figure 15) or in the absence of the projectile point
based on the presence of internal and external beveling and/or oval shaped depressions in the
bone (Milner et al., 1991; Smith, 2003; Steadman, 2008; Serafin et al., 2014). Both are
considered to be a form of sharp force trauma.

A

B

C

D

Figure 15. Female individual from Larson 34.5-75.6 (52.2) years old. Possible embedded
projectile point on anterior head of left humerus, superior to lesser tubercle. (A-D).

Blunt force trauma to the cranium was identified based on depression fractures
(sometimes with circular fracture lines around the impact site) on the frontoparietal area and/or
linear fracture lines (Galloway, 1999; Knusel, 2005; Lovell, 2008; Bennike, 2008). An example
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of this is depicted in Figure 16. In comparison, postmortem fractures may shatter the skull and
inward facing fragments (hinge fragments) will be absent (Mays, 2010). Postcranial fractures, in
the absence of cranial fractures, are not reliable indicators of intentional trauma and as such were
not relied when making a diagnosis (Steadman, 2008; Lessa, 2011; Serafin et al., 2014).

A
B
Figure 16: Probable female individual from Anton Rygh 29.2-91.1 (74.1) years old. Presumed
blunt force trauma to right parietal bone (A) and right zygomatic bone (B).

Recording System
These pathological conditions were recorded according to the standards described by
Buikstra and Ubelaker (1994). Skeletal markers of infectious disease, stress and trauma were
recorded as present or absent. In the case of pathological reactions, such as periostitis and porotic
hyperostosis/cribra orbitalia, an ordinal scale was also used to record the activity level of the
lesion. These lesions were recorded as 1-active, 2-sclerotic or 3-healed. A condition was
recorded as active in which the lesion appears separate from the underlying cortex (i.e. increased
porosity, clear margins, elevated from the rest of the bone and a different color), sclerotic in
which the condition is in the process of healing (i.e. limited porosity/long pores and margins
becoming incorporated) or healed in which the lesion is difficult to distinguish from the
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underlying bone (Buikstra and Ubelaker, 1994; Ortner, 2003). This method was utilized in a
previous study (Minsky-Rowland, 2009).
Bone loss, bone formation, cranial fractures and porotic hyperostosis were recorded. In
all cases, the side and location (that is, proximal, middle, distal, articular surfaces, superior,
inferior, medial, lateral, posterior, anterior and circumferential) of the pathology and the extent
of healing that is present was also recorded. In the case of bone loss due to lytic reactions, how
much of the bone was affected, how many defects and the size of these defects was noted. In the
case of fractures, the type of fracture and shape was recorded as well.

Individuals Included in the Analyses
Three sets of analyses were conducted, one for each hypothesis (Chapter 1). Samples
from different sites were combined, per sex. Adult individuals were not separated based on time
period as this would decrease the overall sample size. All adult individuals were pooled into a
single, combined sample to provide more power to the statistical analyses. A likelihood ratio test
(further discussed below) was conducted to justify this method. Table 7 lists the log-likelihood
estimates and results of the likelihood ratio tests, per archaeological site, as well as for all sites
combined. While the p-values for the Larson and Mobridge sites were statistically significant (p
>.05), the p-value for all of the sites combined was not. Therefore, these four sites can be
modeled as part of the same distribution and pooled into a single sample.
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Table 7. Log-likelihood estimates for the likelihood ratio tests.
Site

Log-likelihood
Gompertz

Larson
Leavenworth
Mobridge
Rygh
All sites
combined

-782.9964
-194.3043
-341.3235
-108.4358
-1425.045

Log-likelihood
GompertzMakeham
-779.6202
-192.4629
-334.838
-106.5459
-1414.532

χ2

p-value

6.7524
3.6828
12.971
3.7798
21.026

0.01872433
0.1099529
0.000632706
0.1037497
9.061857e-06

For the last hypothesis the point estimates of age at death from transition analysis were
used to determine which individuals were within the 15-40 year age range. Any individual above
40.9 years was not included in these analyses.
For the purposes of this project, a single, discrete, individual was analyzed for sex, age,
infectious disease and/or trauma and at least one stress marker. For example, a discrete
individual might only contain a skull. This individual could be included in the statistical analysis
because sex and age estimates can be made and specific pathological information can be
recorded, including: porotic hyperostosis, caries sicca and cranial trauma. If the age, sex,
pathology status or trauma status could not be recorded for an individual due to commingling or
fragmentation then he/she was excluded from the statistical analyses dependent on this
information. This project is concerned with age and sex-specific lesion frequencies and so this
information must be known.
This strategy permit a larger sample size since it is possible for an individual to be
recorded as having any stress marker, any infectious disease or any trauma. This methodology
has been utilized in a previous project (Minsky-Rowland, 2011). However, since it is known that
every individual will react differently to disease (Wood et. al., 1992a; Ortner, 2009), a reliable
diagnosis of either disease may not be possible. In this case the individual was still recorded as
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having some type of systemic infection and still included in the statistical analyses. All of the
final estimates of the above skeletal and pathological characteristics were recorded in an excel
spreadsheet.
Regarding skeletal stresses, an individual must have been sufficiently complete to be
examined for at least one stress marker. An individual must contain at least one maxillary central
incisor or one mandibular canine, to be included in an analysis for linear enamel hypopolasias.
The skull vault/orbits must be complete enough for an analysis of porotic hyperostosis/cribra
orbitalia.
An individual must contain the necessary skeletal elements for an analysis of
treponematosis or tuberculosis. That is the skull vault/face must be present in order to be
observed for caries sicca or other lytic reactions and the long bones, particularly the tibiae must
be sufficiently complete to be observed for periosteal deposition. Similarly, an individual must
contain the vertebrae, ribs or large joints for an observation of tuberculosis.
An individual must be sufficiently complete to be examined for interpersonal trauma.
Therefore, the skull and at least 2 complete long bones must be present to be examined for
cutmarks and/or projectile wounds. If an individual is not skeletally complete enough to be
analyzed for either infectious disease, one of the three stresses or any trauma he/she was
excluded from the analyses since it cannot be confidently stated that the individual did or did not
skeletally exhibit evidence of the condition. The central question of this project is whether
skeletal stresses increase the risk of death from later infectious disease or warfare related trauma
experienced in adulthood? However, risk of death was not estimated per skeletal stress marker or
per infectious disease or per trauma. Rather, if an individual was sufficiently complete to be
examined for at least one skeletal stress marker he/she was included in the analyses.

163

A total of 374 adult individuals were available for the analyses in this project (out of
approximately 560), due to fragmentation and/or commingling. Table 8 lists how many
individuals (by sex) were included from each site and Table 9 details how many individuals were
available for the analyses for hypotheses 1 and 2. Of this data set, Table 13 lists those individuals
who were included in step 1 of hypothesis 3 and Table 14 lists the subsample of individuals in
their reproductive years included in step 2 of hypothesis 3. Due to the methodology discussed
above, some individuals are included in multiple statistical analyses. For example, hypothesis 3
stipulates that individuals in their reproductive years be included. However, if such an individual
also exhibited a biological stress marker and an infectious disease he/she could also be included
in the analysis for hypothesis 1. Tables 9-12 list the frequencies of individuals with specific
conditions across sex.

Table 8. Total sample size across sex and site included in the analyses.
Site
Larson
Leavenworth
Mobridge
Rygh
Total

Males
106
27
48
18
192

Females
99
25
40
11
182

Total
205
52
88
29
374

Table 9. Individuals included in the analyses for hypotheses 1 and 2.
Sex

stress
or
infection
Female 100
Male
91
Total
191

stress
or
trauma
90
92
182

stress,
+
infection
13
8
21

stress,
+
trauma
12
12
24
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+
stress,
infection
61
85
146

+
stress,
trauma
62
76
138

+
stress,
+
infection
7
7
14

+
stress, +
trauma
8
14
22

Table 10. Frequencies of stress across sex.
Sex
Males
Females
Total

- LEH
74
71
145

+LEH
26
23
49

- PH/CO
148
147
295

+PH/CO
15
9
24

-Stature
65
54
119

+Stature
66
49
115

Table 11. Frequencies of infectious disease across sex.
Sex
Males
Females
Total

- Treponematosis
189
161
350

+Treponematosis
8
13
21

- TB
119
111
230

+TB
7
9
16

Table 12. Frequencies of trauma across sex.
Sex

+
+
+
+
Scalping Blunt
Projectile Dismemberment
Force
point
Trauma
10
8
3
4
Males
8
8
1
4
Females
18
16
4
8
Total
Table 13. Total sample size across sex and stress status included in the analyses for
step 1 of hypothesis 3
Stress
Absent
Present

Males
108
91

Females
104
71

Total
212
162

Table 14. Individuals in their reproductive years included in the analyses for
step 2 of hypothesis 3.
Stress

Absent
Present

Males
15-40
years old
90
82
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Females
15-40
years old
85
58

Total

175
140

Preservation of Skeletal Remains
Preliminary analyses indicated that the individuals excavated from the destroyed Larson
village were less well preserved than those in the cemetery. Many of the burials were
commingled and/or fragmentary. This is also true for many of the individuals in the Rygh,
Mobridge and Leavenworth sites. If a single, discrete, individual, as defined in this project, could
be separated from a commingled or fragmentary burial based on age, sex, or morphology of
skeletal elements then he/she was added to the final sample. However, if this could not be
reliably done then the individual was excluded from the analyses.

Statistical Methods
The statistical methods used in this dissertation were utilized to estimate the risk of death
from an infectious disease and/or trauma given the presence of a pre-existing skeletal stress.
First, the paleodemographic data was tested for intraobserver error using paired t-tests on
continuous data (i.e. final age estimates and long-bone measurements); Cohen’s Kappa on
discrete data (i.e. presence/absence scores for pathology, trauma, sex) and categorical data (i.e.
individual TA trait scores). Following these analyses, estimation of risk of death was calculated
using the Gompertz and Gompertz-Makeham hazard models.

Intraobserver Error
Once data collection was complete an intraobserver error test was conducted to ensure
that the skeletal examination of age, sex, trauma and pathological conditions remained the same
throughout the data collection process. Approximately 10% of the sample was reexamined (51
individuals) at random using the methods discussed above. As noted in Buikstra and Ubelaker
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(1994), it is only necessary to reexamine 10-20% of the original sample. In fact, the authors note
that a reexamination of 30 individuals, no matter the sample size, is sufficient.
Cohen’s Kappa for interrater reliability was used to measure intraobserver error, where
the initial measurements and the second measurements in a subsample of individuals were
treated as two separate ratings (Cohen 1960; Cohen, 1968; Fleiss and Cohen, 1973). This is a
very common statistic that may be applied to the nominal-discrete measurements of two users.
This statistic ranges from -1 to 1, where 1 suggests perfect agreement, 0 suggests agreement by
chance and -1 suggests perfect disagreement (Cohen 1960; Cohen, 1968; Fleiss and Cohen,
1973; Sims and Wright, 2005; Hallgren, 2012; Shirley et al., 2015). A weighted kappa may also
be used when the researcher needs to determine how serious the disagreement is (Fleiss and
Cohen, 1973; Shirley et. al., 2015). A weighted Kappa can be applied to categorical-ordinal data
and differentially assesses agreement between observations based on their rank (Cohen 1960;
Cohen, 1968; Fleiss and Cohen, 1973; Sims and Wright, 2005; Hallgren, 2012; Shirley et al.,
2015). As Shirley and colleagues (2015) explain, this means that a difference between a 1 and a
2 is not treated the same as a difference between a 1 and a 3 (Cohen 1960; Cohen, 1968; Fleiss
and Cohen, 1973; Sims and Wright, 2005; Hallgren, 2012; Shirley et al., 2015).
A weighted Kappa can either be linear or quadratic (Sims and Wright, 2005; Shirley et
al., 2015). A linear weighted Kappa treats the difference between the first and second categories
equally important as the difference between the second and third categories. A quadratic
weighted Kappa treats the difference between the first and second categories unequal to the
difference between the second and third categories. The linear weighted kappa has been found to
be reliable in age estimation research (Wilson and Algee-Hewitt, 2009; Shirley et al., 2015) and
so this test was used to calculate the intraobserver error for specific TA scores. For the kappa
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coefficient, the null hypothesis tests the agreement between two different observations. The null
hypothesis states that there is no difference between the two observations and that agreement is
better than what is expected by chance (Sims and Wright, 2005). The scale of agreement
suggested by Landis and Koch (1977) was employed to determine how well the two variables
agreed or disagreed. A rating below 0 suggests poor agreement between the two scores, 0-.2 is
considered slight agreement .21-.40 is considered fair agreement, .41-.60 is considered moderate
agreement, .61-.80 substantial agreement and .81-1 almost perfect agreement.
The ADBOU program allows the observer to estimate two scores per component, an
upper and lower estimate (i.e. 1-2, 2-3, etc.). This dual-phase assignment cannot be
accommodated by Cohen’s Kappa and so the upper estimate was solely utilized as this has been
found to be more reliable in age estimation research (Overbury et al., 2009). Furthermore, the
TA method has been found to consistently underestimate individuals older than 20 years of age
and so by using the upper estimate for a trait score there is a better chance of acquiring a reliable
age estimate (Fojas et al., 2015). For example, if the superior topography of the left auricular
surface was scored as a 2-3, then 3 was used for the intraobserver error test. The “all correlated”
age estimates were compared as this final estimate has been found to provide, overall, the most
reliable age estimate, since it combines the scores from all available skeletal indicators (Wilson
and Algee-Hewitt, 2013).
Lastly, paired t-tests were used to test the interrater agreement for continuous data (i.e.
final age estimates and long-bone measurements) to determine whether the second estimates
differ from the first (Buikstra and Ubelaker, 1994; Ott and Longnecker, 2010). Again, in the
current project these tests were used to measure the intraobserver error between the initial
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measurements and the second measurements in a subsample of individuals. These scores were
treated as two separate ratings.

Equations for Gompertz and Gompertz-Makeham Hazards Analysis
Parametric hazard models estimate risk of death from competing causes of death
estimated from specific population parameters and represent an alternative to the life-table
approach (Wood et al., 1992b; Wood et al., 2002; Frankenberg and Konigsberg, 2006; Tuma,
2008; Milner et. al., 2008; Konigsberg and Frankenberg, 2013a;b). Models such as the Gompertz
and Gompertz-Makeham models are beneficial in cases of censoring when the survival time of
an individual is unknown. That is, it is unknown when a certain event occurred (Wood et al.,
1992b; Kleinbaum and Klein, 2012). Parametric models, such as hazard analyses, can be used
with small samples and have a low standard error. This in part answers the requirement of the
Rostock Manifesto that anthropologists estimate Pr(a)- the age at death distribution of the
unknown sample. Wood and colleagues (2002) assert that this probability is what anthropologists
mathematically really need to model (Chapter 3).
Hazard models estimate the age-specific mortality rate at a certain age, the survival
function and the probability density function. The age specific mortality rate μ(a) is based on the
age of the individual at death, a. The survival function S(a) is the probability that an individual
will live from birth to a certain age at death and the probability density function ƒ0(a) is the age
at death distribution based on age-specific mortality rates (Chapter 3).
The force of mortality or the hazard, can be represented with the following equation
(Wood et al., 2002:146):
μ(a)=α1+α2eβα
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Where α1 parameter is age-independent mortality and α2(exp)( βα) is the Gompertz
function that represents the increase in mortality from age (accounting for senescence) (Wood et
al., 2002). The survival function can be represented with the following equation (Wood et al.,
2002:147):
S(a)=exp[-α1 a+ α2/β(1-eβ)]

The parameters of a given log-linear model, in this case the Gompertz-Makeham model,
are determined with maximum likelihood estimation (MLE) (Wood et al., 1992b; Tuma, 2008;
Dewitte and Hughes-Morey, 2012; DeWitte et al. 2013; Konigsberg and Frankenberg, 2013b).
The MLE method generates a point estimate of the parameter in the model (Kennedy, 1992).
This is achieved by first determining the likelihood of obtaining the parameter values given the
data that is known, in this case, age at death. This is known as the likelihood function and is the
product of all of the likelihoods of a given estimate. The MLE maximizes the likelihood function
in order to achieve the most likely outcome of any given parameter (Wood et al., 1992b; Eliason,
1993; Kleinbaum and Klein, 2012; Konigsberg and Frankenberg, 2013b).
Rather than using the likelihood estimate, a log-likelihood is utilized as this places the
estimate on a log scale, that is a smaller additive scale and not a multiplicative scale (Konigsberg
and Frankenberg, 2013b). When using the log-likelihood the best fitting model (for the data) is
one that provides the smallest non-negative log-likelihood. In general, the most likely estimate is
one that is closest to 0 (Kennedy, 1992; Hilborn and Mangel, 1997; Pampel, 2000).
The optim function in ‘R’ was used to generate the maximum log-likelihood (and
therefore the parameter estimates) of the Gompertz and Gompertz-Makeham models
(Konigsberg and Frankenberg, 2002). The model is successful if convergence is achieved (i.e.
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optimization of the parameter estimates is successful), the log-likelihood estimate produced and
no warning messages are provided (Wilson, 2010). In cases where convergence was not achieved
by the Gompertz-Makeham model, the Gompertz model was utilized instead. In this situation the
fit of the models was assessed with a likelihood ratio test.
The likelihood ratio test (LRT) estimates the difference between the the log-likelihood of
a reduced model (Gompertz) and a full model (Gomperz-Makeham. This determines which
model was statistically significant. The LRT tests the null hypothesis that a model with less
parameters (Gompertz) will fit the data just as well as the model with more parameters
(Gompertz-Makeham). This is the law of parsimony (Wood et al., 2002). The resulting statistic is
then compared to a Chi-square (χ2) distribution with a critical value of 3.84 with one degree of
freedom (α=.05). The degrees of freedom is estimated from the difference in the number of
parameters between each model. A difference between the log-likelihoods larger than the critical
value of 3.84, is statistically significant (indicating that the models are different than each other).
The model with a smaller log-likelihood fits the data better (Agresti, 1996; Hillborn and Mangel,
1997; Wilson, 2010; Taylor, 2013; DeWitte, 2014b). The equation for the likelihood ratio test is:

-2LN (reduced model-full model)

The R code for these models was provided by Dr. Jeremy Wilson (Wilson, 2010). All
hazard analyses were conducted at UTK using the free R statistical package (http://www.rproject.org/) downloaded to the author’s personal computer. The results of the hazard analyses
are presented in Chapter 7.
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Equations for Kaplan-Meier and Cox proportional Survival Analysis
The semiparametric Kaplan-Meier survivorship curve with log-rank tests and the Cox
proportional hazard model represent an alternative to parametric hazard models when sample
size is diminished (Wilson, 2015, personal communication). Semiparametric tests like these are
also useful for right-censored data, where the survival time is not known and can be used with
several explanatory variables (Wood et al., 1992b; Wilson, 2010; Kleinbaum and Klein, 2012).
The Kaplan-Meier test generates a survivorship curve which was used to visually
represent the age-specific survivorship for all three hypotheses. When interpreting these curves,
the line that is higher on the graph indicates that survivorship was greater for that group,
compared to the one below. Furthermore, several large steps in the line indicate a small sample
size and therefore the graph may not be accurate (Rich et al., 2010). This problem occurred in the
current project (Chapter 7). The log-rank test indicates whether there is a statistically significant
difference between the curves using a p-value (<.5) (Rich et al., 2010; Kelinbaum and Klein,
2012) (Chapter 3). The MLE point estimates from the TA aging method were plotted on the
survivorship curve to act as known age at death, or survival time (Wilson, 2010; DeWitte,
2014a;b; 2015).
The Cox proportional analysis estimate survivorship using a hazard ratio determined
from survival time (i.e. age at death) relative to the predictor variable. In SPSS the hazard ratio is
represented by ‘Exp(B)’. A hazard ratio equal to 1 indicates that there is no relationship between
a predictor variable and death, whereas a hazard ratio above 1 indicates an increase in the risk of
death (Kleinbaum and Klein, 2012). This test was used to investigate hypotheses 1 and 2. Each
test contained one explanatory variable: stress presence. Infectious disease status or trauma status
were the dependent variables. Non-parametric estimates were generated using IBM SPSS
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Statistics 22 provided by UTK downloaded to the author’s personal computer. The results of all
statistical tests are discussed in the following chapter.
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CHAPTER 7
RESULTS
The prehistoric and historic periods on the Great Plains were times of drastic social and
environmental changes (Chapter 4). This dissertation questions whether these disruptions to the
everyday lives of the historic Arikara were sufficiently intense to induce skeletal stress markers
that could affect risk of death from infectious disease or trauma in adulthood. This dissertation
has focused on three hypotheses:

1. Adult individuals who were stressed in childhood (as indicated by linear enamel
hypoplasias, porotic hyperostosis/cribra orbitalia and/or short stature) will have an
increased risk of death from infectious disease (either tuberculosis or treponematosis).

2. Adult individuals who were stressed in childhood (as indicated by linear enamel
hypoplasias, porotic hyperostosis/cribra orbitalia and/or short stature) will be at an
increased risk of death from warfare related trauma.

3. Females, with skeletal stress markers will have an increased risk of death in their
reproductive years (15-40) over males with skeletal stress markers in the same age group.

The results of this dissertation are divided into three categories: intraobserver error tests,
semiparametric Kaplan-Meier estimates and Cox proportional hazards tests and parametric
Gompertz and Gompertz-Makeham tests. The results of the intraobserver error tests will be
presented first, with a brief explanation. Next, the results of the Kaplan-Meier estimates and Cox
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proportional hazards tests, conducted in SPSS, will be presented and explained, followed by the
results from the Gompertz and Gompertz-Makeham hazard analyses.

Intraobserver Error Tests
Intraobserver error tests were conducted to ensure that the recording of the demographic
and pathological information remained consistent throughout the research process. Pairedsamples t-tests were utilized to test continuous data (i.e. final age estimates and long-bone
measurements) and a linear weighted kappa was used to test discrete data (i.e. presence/absence
scores for pathology, trauma, sex) and categorical data (i.e. individual TA trait scores). These
tests consisted of two samples: the first sample is the initial scores that were taken for the
continuous, discrete and categorical data and the second sample is the reanalysis of these same
data. Fifty-one individuals from the original sample were randomly selected and reanalyzed. This
sample included 29 individuals who were some of the first to be analyzed.
Table 15 lists the results from the paired samples t-test on the average age at death
between the two samples. The average age at death for each sample was calculated using the ‘all
corr’ estimate (i.e. MLE) of each individual from the ADBOU program. The average age at
death of the first sample was 32.3 and the average age at death of the second sample was 33.9.
These two estimates are not significantly different from one another at the .05 level (p=.184).
This means that age estimation remained consistent throughout the analyses.
A power analysis was conducted to detect the effect size for the paired t-tests for age and
long bone length. Effect size indicates the smallest sample size needed to fail to reject the null
hypothesis (i.e. that there is no difference between the two samples). In contrast to a p value, this
will indicate the size of an effect (Sullivan and Fein, 2012). For the intraobserver error tests with
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age the power analysis indicates that with an effect size of 3 these tests have adequate power
(.724).
Table 15. Results of the paired samples t-test for average age at death
Pair

Pair

Age Age 2

Mean

N

Age
33.9286
Age 2
32.3776
Mean
Std.
Std.
Deviation
Error
Mean
1.55102

8.04534

1.14933

Std.
Deviation

Std.
Error
Mean
49
11.65030
1.66433
49
11.37608
1.62515
95% CI
t
df

-.75987-3.86191

1.349

48

Sig.
(2tailed)
.184

Table 16 lists the results from the paired samples t-test on the length of each pair of long
bones, by side. As is indicated in this table two measurements were significant (p=.000). While
this may indicate that the samples are significantly different from one another, the means of each
measurement are within 2 millimeters of each other (Table 17). Therefore a significant difference
is mostly due to minor measurement error and does not indicate any significant deviation
between the two samples. Note that the differences in sample size listed in Table 15 may be due
to an individual(s) not having the necessary elements. While a total of 50 individuals were
reanalyzed for the intraobserver tests, not every individual had all of the necessary long bones.
The power analyses indicate that within specific effect sizes, the results of these tests are reliable.
Table 18 indicates the results of the power analyses.
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Table 16. Results of the paired samples t-test for long bone length.
Pair

Mean

Std.
Deviation

MaxLFemurL MaxLFemurL2
MaxLTibL MaxLTibL2
MaxLFemurR MaxLFemurR2
MaxLTibR MaxLTibR2

1.90323

1.27423

Std.
Error
Mean
.22886

1.54545

4.07807

.70990

1.73529

1.81423

.31114

2.48485

5.99542

1.04367

95% CI

1.435842.37062
2.99148.09943
1.102282.36831
.358964.61073

t

Df

8.316

30

Sig.
(2tailed)
.000

2.177

32

.037

5.577

33

.000

2.381

32

.023

Table 17. The average length of each long bone pair.
Pair
MaxLFemurL MaxLFemurL2
MaxLTibL MaxLTibL2
MaxLFemurR MaxLFemurR2
MaxLTibR MaxLTibR2

Mean

N

Std. Deviation

430.8065
428.9032
357.8182
359.3636
426.9118
425.1765
359.6970
357.2121

31

25.02322
25.55302
24.13563
24.77879
25.62358
25.29399
25.62894
27.65045

33
34
33

Std. Error
Mean
4.49430
4.58946
4.20147
4.31343
4.39441
4.33788
4.46143
4.81333

Table 18. Results of the power analyses for long bone length.
Pair
MaxLFemurL MaxLFemurL2
MaxLTibL MaxLTibL2
MaxLFemurR MaxLFemurR2
MaxLTibR MaxLTibR2

Effect Size Power
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1

.988

2

.779

1

.876

3

.795

The second portion of the intraobserver error tests was concerned with the consistency of
the individual scores of the TA aging method for each skeletal element. There are five total
cranial suture scores, 18 total auricular surface scores (nine per side) and 10 total pubic
symphyseal scores (5 per side). Each score for each feature was compared to the second
estimate, per side. Table 19 lists these scores and estimates.
Most of the features had fair to substantial agreement between the two sets of scores.
Furthermore, most of these values had significant p-values (p<.05). Two of the features returned
negative estimates (right auricular superior topography and right auricular inferior topography).
This indicates disagreement between the two ratings. Additionally, some of the scores only
exhibited slight agreement since the kappa scores were 0-.2. This suggests that these features
were problematic to score, perhaps due to fragmentation or taphonomic alteration, location of the
feature, or perhaps biological changes to the bone itself (i.e. disease or asymmetry). However,
the p-values associated with these features were not significant.
The results from the Cohen’s kappa test for interrater agreement represent the agreement
between individual skeletal features for the TA aging method. The average age estimates were
very similar to one another (Table 15) and so these kappa scores do not indicate an inconsistency
between the first set of age estimates and the second set of age estimates. Therefore even if
individual skeletal features are scored somewhat differently than one another, these differences
do not have an appreciable effect on the overall age estimate.
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Table 19. Cohen’s Kappa Scores for the Transition Analysis Scores
Feature

Kappa

Z

.639
.724
.464
.605
.398
.204
.057
.374

Std.
Error
.081
.068
.131
.098
.109
.183
.163
.120

95%CI

5.871
6.016
4.311
4.644
3.911
1.735
.377
2.832

P
value
.000
.000
.000
.000
.000
.083
.706
.005

Coronal Suture
Sagittal
Lambdoid
Interpalatine
Zygomaticomaxillary
L Auricular Surface Superior Topography
L Auricular Surface Inferior Topography
L Auricular Surface Superior
Characteristics
L Auricular Surface Apical
L Auricular Surface Inferior Characteristics
L Auricular Surface Inferior Texture
L Auricular Surface Superior Exostoses
L Auricular Surface Inferior Exostoses
L Auricular Surface Posterior Exostoses
R Auricular Surface Superior Topography

.429
.211
.210
.663
.559
.508
-.050

.096
.109
.191
.145
.163
.161
.022

3.294
1.690
1.325
4.678
3.105
2.745
-.439

.001
.091
.185
.000
.002
.006
.661

-.037
.251

.026
.097

-.196
2.287

.845
.022

.240-.617
-.004-.425
-.164-.584
.380-.947
.240-.878
.193-.824
-.093- .007
-.088-.014
.060-.442

R Auricular Surface Inferior Topography
R Auricular Surface Superior
Characteristics
R Auricular Surface Apical
R Auricular Surface Inferior Characteristics
R Auricular Surface Inferior Texture
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.480-.797
.591-.857
.207-.721
.413-.796
.184-.612
-.155-.563
-.262-.376
.138-.610

Results of Kaplan-Meier and Cox proportional Survival Analysis
Kaplan-Meier survivorship estimates with log-rank tests were used to estimate
survivorship for all three hypotheses. The Cox Proportional hazard model was used to investigate
Hypotheses 1 and 2 of this project, specifically. The results of these tests will be presented
separately for each hypothesis.

Hypothesis 1: Adults stressed in childhood will have an increased risk of death from
infectious disease
The results from the Kaplan Meier estimates with log-rank tests will be presented first,
followed by the results for the Cox proportional hazards model. Analyses were carried out
separately for adult males and females with and without a stress or infectious disease. The logrank tests in Table 20 indicate that the survivorship curves for females with and without an
infectious disease or skeletal stress were not statistically different from one another (p>.05).
Thus, the presence or absence of a skeletal stress marker did not affect mortality from infectious
disease. However, age-specific patterns of survivorship differences became apparent on the
associated survivorship curves (Figures 17-18).

Table 20. Log-rank test for females with and without an infectious disease/stress.
InfDx
Absent
Present

Stress
Absent
Present
Absent
Present

Chi-Square

Sig.

.017

.895

.044

.949
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Chi-Square
.017

Sig.
.895

.044

.949

Figure 17 indicates that, among females without an infectious disease, those individuals
with a biological stress (N=61) maintain somewhat increased survivorship early in life and later
in life over those females without a biological stress (N=100). At about age 20 the two
survivorship curves overlap until just after age 40, when survivorship of those females with a
stress surpasses those without a stress. Then, just after age 60, the two survivorship curves once
again overlap, indicating similar survivorship between the two groups until 80 years of age.
Females with an infectious disease and a biological stress marker (N=7) overall maintain
increased survivorship over those females with an infectious disease who lack a stress (N=13).
However, these individuals live longer than those individuals who do exhibit a stress (Figure 18).
This suggests that mortality from infectious disease increased for females with a stress marker.
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Figure 17. Kaplan-Meier survivorship curve of female individuals without an infectious
disease comparing those with a stress and those without.
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Figure 18. Kaplan-Meier survivorship curve of female individuals with an infectious
disease comparing those with a stress and those without.
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There is no statistical difference between the log-rank tests for males with and without a
stress or infectious disease. This suggests that stress presence did not affect mortality from
infectious disease (p>.05) (Table 21). Interestingly the analysis for those individuals with an
infectious disease and a stress does approach significance (p=.080). The associated survivorship
curves (Figures 19-20) demonstrate that age-specific patterns of survivorship for this subgroup
do exist.

Table 21. Log-rank test for males with and without an infectious disease/stress.
InfDx
Absent
Present

Stress
Absent
Present
Absent
Present

Chi-Square
1.997
3.057
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Sig.

Chi-Square

Sig.

1.997

.158

3.057

.080

.158
.080

Figure 19. Kaplan-Meier Survivorship curve for male individuals without an infectious
disease comparing those individuals with and without a stress.
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The Kaplan Meier survivorship curve for male individuals without an infectious disease
(Figure 19) indicates that survivorship between those individuals with a skeletal stress marker
(N=85) and without a skeletal stress marker (N=91) is similar until about age 40 when
survivorship of those individuals without a stress surpasses those with a stress. This result
indicates that skeletal stresses increased mortality, particularly after age 40.
Survivorship among male individuals with an infectious disease and skeletal stress was
much lower at all ages when compared to those without a skeletal stress (N=7). Male individuals
without a biological stress exhibit greater survivorship until age 80 (N=8) (Figure 20). This
suggests that unlike female individuals with an infectious disease, biological stress did not confer
any advantage for male survivorship (Figure 18).
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Figure 20. Kaplan-Meier survivorship curve for male individuals with an infectious disease
comparing those individuals with and without a stress.
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Cox-proportional hazards were also used to investigate the first question of this
dissertation. This test indicates risk of death at a specific age given the presence of a skeletal
stress marker. The two sexes were analyzed separately and only those individuals who were
sufficiently complete to be examined for both a stress and an infectious disease were included in
the statistical analyses.
Table 22 indicates that stress presence did not affect mortality from infectious disease
among female individuals (p=.543). This result is further supported by the hazard ratio, (.754)
which is below 1, indicating that risk of death from infectious disease was not affected by a
stress marker (Table 23).

Table 22. Cox-proportional hazard for females with an infectious disease as the dependent
variable and stress presence as an explanatory variable.
Overall (score)
-2 LL
167.671

Chisquare
.363

Df

Sig.
1

.547

Change from Previous
Step
ChiDf
Sig.
square
.370
1
.543

Change From Previous
Block
ChiDf
Sig.
square
.370
1
.543

Table 23. Variables entered into the Cox-proportional hazard for females with an
infectious disease.
B
StressPresence

-.282

SE
.470

Wald
.361
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Df

Sig.
1

.548

Exp (B)
.754

95% CI
.3001.894

Stress presence also did not affect infectious disease load, among male individuals
(p=.820) (Table 24). The hazard ratio (1.132) is nearly equal to 1, also indicating that stress
status did not affect risk of death from infectious disease (Table 25).

Table 24. Cox-proportional hazard for males with an infectious disease as the dependent
variable and stress presence as an explanatory variable.
Overall (score)
-2 LL
114.106

Chisquare
.052

Df

Sig.
1

.820

Change from Previous
Step
ChiDf
Sig.
square
.052
1
.820

Change From Previous
Block
ChiDf
Sig.
square
.052
1
.820

Table 25. Variables entered into the Cox-proportional hazard for males with an infectious
disease.
B
StressPresence

.124

SE
.545

Wald
.052

Df

Sig.
1

.820

Exp (B)
1.132

95% CI
.3893.297

Hypothesis 1: Summary of Results
The Cox proportional hazard models and log-rank tests for females were not statistically
significant. Females without an infectious disease have similar survivorship regardless of their
stress status, until age 40 at which point females with a stress live longer than those without
(Figure 15). The same is true for females with an infectious disease and a stress marker except
that they die earlier in life than those without a stress marker (Figure 18). For males, after age 40
those individuals without a stress marker exhibit increased survivorship compared to those with a
stress marker. This is true whether or not they have an infectious disease. Unlike females,
skeletal stresses did increase mortality for males.
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Hypothesis 2: Adults stressed in childhood will have an increased risk of death from
trauma
The results from the Kaplan-Meier estimates with log-rank tests will be presented first,
followed by the results for the Cox proportional hazards model. Analyses were carried out
separately for all adult males and females with and without a stress or trauma.
The log-rank tests for females with and without a stress or trauma indicate that there is no
statistically significant difference between the survivorship curves of those females with and
without a biological stress or trauma (p>.05) (Table 26). This suggests that individuals with
childhood stress were not at a greater risk of trauma. However, the associated survivorship
curves suggest that there are age-specific patterns of survivorship differences between those
individuals with and without trauma and/or skeletal stress marker (Figures 21-22).
The survivorship curves in Figure 21 indicate that for females without a trauma,
survivorship was similar regardless of stress status throughout adulthood. Only at a few points in
time do the two curves deviate from one another. Survivorship for individuals with a stress
marker (N=62) surpasses those without a stress (N=90) in early life and after age 40. Overall
stress status did not have an appreciable effect on the survivorship of females without a trauma.
Figure 22 indicates that survivorship for females with a trauma was different depending
on their stress status. However, it should be noted that due to the small sample size this may not
be a true curve, as indicated by the large steps on the graph (Rich et al., 2010). Females with a
stress (N=7) experienced increased survivorship until about age 40 when the survivorship of
individuals without a stress (N=12) is greater. This is in contrast to the previous graph (Figure
21) which indicates that among females without a trauma, survivorship was similar throughout
life.
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Table 26. Log-rank test for females with and without a trauma/stress.
Trauma
Absent
Present

Stress
Absent
Present
Absent
Present

Chi-Square

Sig.

.050

.824

.017

.896

Chi-Square
.050

Sig.
.824

.017

.896

Figure 21. Kaplan-Meier survivorship curve for females without trauma.
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Figure 22. Kaplan-Meier survivorship cure for females with trauma.
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The log-rank tests for males with and without a stress or trauma indicate that survivorship
between these two subgroups was the same (Table 27). This indicates that stress status did not
affect risk of death from trauma for male individuals (p=>.05). However, males without trauma
and/or skeletal stress markers exhibit age-specific patterns of mortality (Figures 23-24). The
Kaplan-Meier survivorship curves for males without a trauma indicate that survivorship for those
with a stress (N=76) and without a stress (N=92) was similar throughout adulthood. However,
males without a stress experienced somewhat greater survivorship, particularly at ages 50-70
(Figure 23). This is very similar to females lacking trauma, except that females with a stress
exhibit increased survivorship (Figure 21). Overall, stress status did not significantly affect the
survivorship of either males or females lacking trauma.
Survivorship between males with a stress (N=14) and without a stress (N=12) was very
close until about age 20 at which point survivorship of those without a stress increased (Figure
24). Longevity of those with a stress appears to end at about age 40. This is similar to females
with a trauma who also experienced differential survivorship depending on their stress status
(Figure 22). Stress status did not affect survivorship for individuals with a trauma.

Table 27. Log-rank test for males with and without a trauma/stress.
Trauma
Absent
Present

Stress
Absent
Present
Absent
Present

Chi-Square

Sig.

1.952

.162

2.856
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.091

Chi-Square
1.952

Sig.
.162

2.856

.091

Figure 23. Kaplan-Meier survivorship cure for males without a trauma
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Figure 24. Kaplan-Meier survivorship cure for males with a trauma
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The results of the Cox proportional hazards generated for the second question of this
dissertation are listed below (Tables 28-31). Only those individuals who were skeletally
complete enough to be examined for at least one stress marker or evidence of trauma were
included in the statistical analyses. Table 28 indicates that stress presence did not affect risk of
trauma for female individuals (p=1.000). These results are further supported by the hazard ratio
(1) which indicates that there is no relationship between stress and trauma (Table 29).

Table 28. Cox-proportional hazard for females with trauma as the dependent variable and
stress presence as an explanatory variable.
Overall (score)
-2 LL
170.701

Chisquare
.000

Df

Sig.
1

1.000

Change from Previous
Step
ChiDf
Sig.
square
.000
1
1.000

Change From Previous
Block
ChiDf
Sig.
square
.000
1
1.000

Table 29. Variables entered into the Cox-proportional hazard for females with a trauma.

StressPresence

B

SE

Wald

Df

Sig.

Exp (B)

.000

.458

.000

1

1.000

1.000

95% CI
.4072.455

Male individuals with a stress were not at an increased risk from trauma (p=.181).
Interestingly the hazard ratio (1.695) is slightly above 1, indicating that the hazard of death from
trauma and stress is somewhat increased, although this is not statistically significant (Tables 3031).
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Table 30. Cox-proportional hazard for males with trauma as the dependent variable and
stress presence as an explanatory variable.
Overall (score)
-2 LL
231.934

Chisquare
1.827

Df

Sig.
1

.176

Change from Previous
Step
ChiDf
Sig.
square
1.790
1
.181

Change From Previous
Block
ChiDf
Sig.
square
1.790
1
.181

Table 31. Variables entered into the Cox-proportional hazard for males with a trauma.
B
StressPresence

SE
.528

Wald
.395

Df

1.786

Sig.
1

Exp (B)
.181

1.695

95% CI
.7823.676

Hypothesis 2: Summary of Results
The Cox proportional hazard models and log-rank tests were not statistically significant,
indicating that there is no difference in survivorship for these cohorts. However, the survivorship
curves suggest among females without a trauma, indicate that after age 40, survivorship of those
with a stress marker increases compared (Figure 21). Females with a trauma and a stress marker
experienced increased survivorship until about age 40 when the survivorship of individuals
without a stress increases (Figure 22). Males without a skeletal indicator of trauma but who do
exhibit a stress marker exhibit a decrease in survivorship after age 40 (Figure 23). Males with a
trauma live longer if they do not exhibit a skeletal stress marker (Figure 24). Overall, males and
females with a stress and trauma exhibit decreased survivorship.
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Hypothesis 3: Stressed females will have an increased risk of death in their reproductive
years compared to males of the same age cohort
Non-parametric and parametric survivorship analyses for this hypothesis were carried out
in a two step process. First, survivorship of the two sexes with and without a stress, regardless of
age at death, was analyzed. Second, survivorship for males and females in their reproductive
years (15-40) with and without a stress was analyzed. Kaplan-Meier estimates with log-rank tests
were also carried out for both adult males and females with and without a stress for the entire
population in SPSS.
Following these analyses, the Gompertz-Makeham model was used to estimate risk of
death for the Arikara . In some cases, this model did not reach convergence and so the Gompertz
model was run as well. These analyses were carried out in the same two step process as was done
for the log-rank Kaplan-Meier estimates. The results for each of these tests will be presented
separately, below. α1 is the Gompertz parameter representing overall adult mortality, β1 is the
Gompertz parameter representing risk of death with increasing age and α2 is the Makeham
parameter representing risk of death not related to age (Wood et al., 2002; Wilson, 2010). The
analyses with the full population are presented first, followed by those focused on the
reproductive years (15-40).
There is no statistical difference between the two survivorship curves comparing males
and females without a stress (p=.275) (Table 32). Thus there is no statistical difference in
survivorship between males and females without a stress. This result suggests that there are no
sex differences in survivorship.
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Table 32. Log rank test for males and females without a stress for the entire sample.
Chi-Square
1.190

Df
1

Sig.
.275

The comparison of survivorship between males (N=108) and females (N=104) without a
stress, regardless of age at death, indicate that early in life and after age 45, males exhibit
increased survivorship over females (Figure 25). At about ages 35-45 the two survivorship
curves overlap one another, suggesting that survivorship at this time period was the same for
males and females without a stress.
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Figure 25. Kaplan-Meier survivorship curve for males and females without a stress in the
entire sample.
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The log-rank estimate comparing the survivorship of males and females with a stress
indicates that there is no statistical difference between the two subsamples (p=.612) (Table 33).
Therefore, males and females with a stress exhibit the same survivorship, again suggesting that
there are no differences in survivorship between the sexes.

Table 33. Log-rank test for males and females with a stress in the entire sample.
Chi-Square
.257

Df
1

Sig.
.612

The survivorship curves for males (N=91) and females (N=71) with a stress, of all adult
ages, indicate that early in life males and females exhibit similar survivorship, although male
survivorship was slightly greater than female survivorship. Later in life, this is pattern is
reversed, with female survivorship improving after about age 40 (Figure 26). Similar to the
previous curve (Figure 23), males and females experienced similar survivorship between
approximate ages of 30 and 40.
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Figure 26. Kaplan-Meier survivorship curves for males and females with a stress in the
entire sample.
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The log-rank estimate comparing survivorship between males and females with a stress in
their reproductive years is not statistically significant (p=.666). This result suggests that these
two subgroups maintained the same survivorship (Table 34). This further supports the results of
Table 30 that males and females with a stress in the broader sample did not exhibit differences in
survivorship.

Table 34. Log-rank test for males and females in their reproductive years with a stress.
Chi-Square
.186

Df
1

Sig.
.666

Figure 27 depicts the survivorship curve for males (N=82) and females (N=58) in their
reproductive years (15-40) with a skeletal stress. Males in their early reproductive years exhibit
greater survivorship compared to females. This increased longevity lasts until about age 35 when
survivorship for both sexes is approximately the same. After age 40, female survivorship slightly
increases. However, this could be a function of the cut off age at death and so it is necessary to
consider survivorship for females with a stress for the entire sample, regardless of age.
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Figure 27. Survivorship curve for males and females in their reproductive years with a
stress.

204

Males and females in their reproductive years without a pre-existing stress exhibit the
same survivorship (p=.132). (Table 35). While this is not statistically significant the survivorship
curves in Figure 26 suggest that there may be age-specific differences between the sexes.
Males lacking a childhood stress (N=90) in their early reproductive years, maintain
increased survivorship over females (N=85) in the same group (Figure 28). After age 30 both
sexes exhibit the same survivorship. Although, this pattern may only be apparent as the analysis
ended at age 40 as in Figure 25. These results will be compared to those generated in Figure 25.
Finally, the third hypothesis of this project was analyzed using parametric Gompertz and
Gompertz-Makeham hazard models.

Table 35. Log-rank test for males and females in their reproductive years without a stress.
Chi-Square
2.267

Df
1
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Sig.
.132

Figure 28. Survivorship curve for males and females in their reproductive years without a
stress.
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The Gompertz-Makeham model for females with a stress throughout adulthood (Figure
29) did not achieve convergence at the maximum number of iterations (Table 36). The Gompertz
model was run to produce appropriate parameter estimates (Table 37). This model did reach
convergence, indicating that it may be a better fit for this subgroup of females (Figure 30). The
fit of these models was assessed with an LRT, however there was no statistical difference
between them (χ2=3.6628, p=.111) and so either model will fit the data. However, because only
the Gompertz models reached convergence for both males and females in this group these
models will be compared below and in the discussion chapter.
The survivorship curve produced for the Gompertz model (Figure 30) is similar to that of
the Gompertz-Makeham model (Figure 29), indicating decreased survivorship for females with a
stress throughout adulthood. However, Figure 28 depicts a more steady decrease in survivorship
than the previous graph, particularly just before 80 years.
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Table 36. Gompertz-Makeham Parameters for females with a stress in the entire sample.
α1
5.663238e-30

β1
1.067897e+00

α2
5.950250e-02

Log-likelihood
-267.2275

Figure 29 Kaplan-Meir curve for females with a stress in the entire sample using the
Gompertz-Makeham model.
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Table 37. Gompertz parameters for females with a stress in the entire sample.
α1
0.056078270

β1
0.005607685

α2
N/A

Log-likelihood
-269.0589

Figure 30. Kaplan-Meir curve for females with a stress in the entire sample using the
Gompertz model.
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The Gompertz-Makeham model for males with a skeletal indicator of stress in the entire
adult lifespan (Table 38) did reach convergence successfully. To formally test that this model
reflects mortality well, a LRT with the Gompertz model was run (Table 39 and Figure XX). This
model also reached convergence indicating that both models fit the data well. This is supported
by the fact that both log-likelihood estimates are the same and so a LRT was not conducted.
Figure 33 depicts the two Gompertz models for this subgroup that reached convergence
and indicates that survivorship for both males and females with a stress, regardless of age, was
similar. Female longevity increases after age 40, when compared to males. This is consistent
with the Kaplan-Meier curve produced in SPSS (Figure 26).
When comparing the parameter estimates from the Gompertz models for females (Table
38) and for males (Table 39), it is clear the α1 is somewhat higher for females than for males
suggesting that females with a skeletal stress marker have a slightly increased adult mortality
when compared to males. However, the β1 is lower for females than for males. This suggests that
as females age their risk of death decreases. This is true even when compared to the α1 for this
group (Table 38).
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Table 38. Gompertz-Makeham Parameters for males with a stress for the entire sample.
α1
4.960993e-02

β1
1.877992e-02

α2
6.825857e-08

Log-likelihood
-337.7951

Figure 31. Kaplan-Meir curve for males with a stress for the entire sample using the
Gompertz-Makeham model.

211

Table 39. Gompertz Parameters for males with a stress for the entire sample.
α1
0.04963403

β1
0.01876830

α2
N/A

Log-likelihood
-337.7951

Figure 32. Kaplan-Meir curve for males with a stress in the entire sample using the
Gompertz model.
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Figure 33. Survivorship curves comparing survivorship for males and females with a stress
in the entire population
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The Gompertz-Makeham model estimating survivorship for females without a stress in
the entire sample did not achieve convergence with the maximum number of iterations of the
optim function (Figure 34 and Table 40). The Gompertz model was run and did reach
convergence, indicating that this model may be a better fit for the entire female sample of
individuals without a stress (Figure 35 and Table 41). The LRT results support this assertion
(χ2=8.393, p=.0.007). The difference between the two models is statistically significant and the
Gompertz model better estimates the mortality for females without a stress throughout the entire
adult lifespan.
The Gompertz curve in Figure 35 is similar to the Gompertz-Makeham curve
representing survivorship for females without a stress in the entire sample (Figure 34). However,
the Gompertz curve depicts a steeper decline in survivorship at about age 80 (Figure 32).
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Table 40. Gompertz-Makeham Parameters for females without a stress in the entire
sample.
α1
3.974664e-29

β1
1.063385e+00

α2
6.177244e-02

Log-likelihood
-386.2863

Figure 34. Kaplan-Meir curve for females without a stress in the entire sample using the
Gompertz-Makeham model.
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Table 41. Gompertz parameters for females without a stress in the entire sample.
α1
0.06057842

β1
0.00312243

α2
N/A

Log-likelihood
-390.4828

Figure 35. Kaplan-Meir curve for females without a stress in the entire sample using the
Gompertz model.
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The Gompertz-Makeham model for males without a stress in the entire sample did not
reach convergence (Figure 36 and Table 42). The Gompertz model did reach convergence
suggesting that it is a better fit for this subsample. The LRT indicates that this result is
statistically significant (χ2=14.3458, p=.0.0003). Since both Gompertz models (Tables 41 and
43) for these subgroups better reflect their mortality, these results will be compared.
The β1 parameter for mortality with increasing age is smaller for females than for males,
indicating females without a stress had a decreased risk of death with age when compared to
males (Tables 41 and 43). The α1 parameter, which represents overall mortality, is lower for
males than it is for females indicating that overall, regardless of age, males had a decreased risk
of death when compared to females.
The Kaplan-Meier curve for males without a stress (Figure 37) and females without a
stress (Figure 35) produced from the Gompertz model indicate that both groups had a steady
decline in mortality. However, females at about age 40 appear to have a slightly steeper decline
in mortality, than males did. After this age, the mortality curves for males and females are
similar, indicating a similar decrease in mortality. This is further supported by Figure 38 which
compares the curves for males and females without skeletal stresses in the entire sample. Males
without a stress maintain increased survivorship over females without a stress, regardless of age.
This is consistent with the Kaplan-Meier curve produced in SPSS (Figure 25).
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Table 42. Gompertz-Makeham parameters for males without a stress in the entire sample.
α1
4.534344e-19

β1
6.885249e01

α2
4.880340e-02

Log-likelihood
-417.1017

Figure 36. Kaplan-Meir curve for males without a stress for the entire sample using the
Gompertz-Makeham model.
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Table 43. Gompertz Parameters for males without a stress for the entire sample.
α1
0.04017456

β1
0.01489326

α2
N/A

Log-likelihood
-424.2746

Figure 37. Kaplan-Meier curve for males without a stress in the entire sample using the
Gompertz model.
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Figure 38. Gompertz curves for males and females without a stress in the entire sample.
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Both of the Gompertz-Makeham analyses for males and females in their reproductive
years with a skeletal stress marker reached convergence. To test whether these models fit this
data well, the Gompertz models were run as well. The models for females (Table 45 and Figure
40) and for males (Table 47 and Figure 42) reached convergence indicating that both the full
model and the reduced model may represent mortality well. However, the LRT indicates that the
Gompertz model fits the data better for females (χ2=7.6058, p=0.011) and for males in this
subgroup (χ2=10.4404, p=0.002). Thus in both cases the Gompertz model better reflects the
mortality of both males and females in their reproductive years with a skeletal stress marker.
The α1 parameter for females (Table 45) is elevated compared to that for males. However,
the β1 parameter, which represents risk of death with increasing age, is lower for females than it
is for males (Table 45 and 47). This result suggests that females with a pre-existing stress in their
reproductive years had an overall decreased risk of death as their age increased, for this age
cohort. For males, the opposite occurs. β1 parameter actually increases compared to the α1
suggesting that as males in this group age, their mortality increases.
When comparing the two semiparametric Kaplan-Meier curves survivorship for females
steadily decreases during the reproductive years (15-40) (Figure 40). Male survivorship only
seems to decrease after age 30 (Figure 42). Figure 43 compares the survivorship of both males
and females in their reproductive years with a stress. Male survivorship surpasses female
survivorship until about age 35 when female longevity increases until after age 40. This is in
agreement with the Kaplan-Meier curves produced in SPSS (Figure 27).
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Table 44. Gompertz-Makeham Parameters for 15-40 year old females with a stress.
α1
0.0004444268

β1
0.2871538115

α2
0.0737987854

Log-likelihood
-185.8491

Figure 39. Kaplan-Meir curve for 15-40 year old females with a stress using the GompertzMakeham model.
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Table 45. Gompertz Parameters for 15-40 year old females with a stress.
α1
0.05770852

β1
0.05657595

α2
N/A

Log-likelihood
-189.652

Figure 40. Kaplan-Meier curve for 15-40 year old females with a stress using the Gompertz
model.
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Table 46. Gompertz-Makeham Parameters for 15-40 year old males with a stress.
α1
0.0005470123

β1
0.3221578988

α2
0.0431467132

Log-likelihood
-260.0536

Figure 41. Kaplan-Meier curve for 15-40 year old males with a stress using the GompertzMakeham model.
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Table 47. Gompertz Parameters for 15-40 year old males with a stress.
α1
0.02172394

β1
0.12890243

α2
N/A

Log-likelihood
-265.2738

Figure 42. Kaplan-Meier curve for 15-40 year old males with a stress using the Gompertz
model.
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Figure 43. Gompertz curves for males and females in their reproductive years with a stress.
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The Gompertz-Makeham analyses for both males and females in their reproductive years
without a skeletal indicator of stress, reached convergence suggesting that these models fit the
data well. To test this statistically, the Gompertz model was run as well. For males (Table 51 and
Figure 47) and for females (Table 49 and Figure 45), this model reached convergence. The LRT
between these models indicate that there is no statistical difference between these models for
females in their reproductive years without a skeletal indicator of stress (χ2=27.7928,
p=2.700554e-07). The same is true for males in this subgroup (χ2= 17.298, p=6.39046e-05).
Thus, either model will capture the mortality of this subgroup well. However, in both cases the
log-likelihood estimate is for the Gompertz-Makeham analyses are smaller and so these are a
more reliable estimate of the data.
In all parameter estimates for the Gompertz-Makeham analyses, males in their
reproductive years without a stress marker exhibit decreased mortality when compared to
females in the same subgroup (Tables 48 and 50). These results suggest that females in their
reproductive years, regardless of their stress status, maintained increased mortality.
The Kaplan-Meier curves for males and females in their reproductive years without a
biological stress indicate that males maintain increased survivorship over females. However,
females exhibit greater survivorship at about age 30 (Figures 46 and 48). This increase in
survivorship occurs earlier for males at about age 20. While this increase occurred earlier for
males it occurred at an age when females were nearing the end of their reproductive years.
As observed in Figure 48, males in their reproductive years, without a stress, exhibit
increased survivorship over females in the same group. However, at about age 35 survivorship of
both sexes converge until after age 40. This is in agreement with the Kaplan-Meier survivorship
curve produced in SPSS (Figure 28).
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Table 48. Gompertz-Makeham Parameters for 15-40 year old females without a stress.
α1
1.189925e-05

β1
4.755983e-01

α2
7.639904e-02

Log-likelihood
-264.7426

Figure 44. Kaplan-Meier curve for 15-40 year old females without a stress using the
Gompertz-Makeham model.
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Table 49. Gompertz Parameters for 15-40 year old females without a stress.
α1
0.06954148

β1
0.03866206

α2
N/A

Log-likelihood
-278.639

Figure 45. Kaplan-Meier curve for 15-40 year old females without a stress using the
Gompertz model.
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Table 50. Gompertz-Makeham Parameters for 15-40 year old males without a stress.
α1
0.0005662227

β1
0.3044842070

α2
0.0347435240

Log-likelihood
-287.4757

Figure 46. Kaplan-Meier curve for 15-40 year old males without a stress using the
Gompertz-Makeham model.
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Table 51. Gompertz Parameters for 15-40 year old males without a stress.
α1
0.01714546

β1
0.13163616

α2
N/A

Log-likelihood
-296.1247

Figure 47. Kaplan-Meier curve for 15-40 year old males without a stress using the
Gompertz model.
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Figure 48. Gompertz-Makeham curves for males and females in their reproductive years
without a stress.
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Hypothesis 3: Summary of Results
The survivorship curves for the non-parametric Kaplan-Meier tests indicate that males in
their reproductive years without a stress exhibit increased survivorship over females, until about
age 40 (Figure 28). The same is true when this is compared to individuals of all ages: early in life
and after age 45, males exhibit increased survivorship over females (Figure 25). Males in their
early reproductive years exhibit greater survivorship compared to females with a stress (Figure
27) but when this is compared to the broader sample, male survivorship is still slightly better
early in life, but after age 40 this is reversed and females with a stress exhibit increased
survivorship (Figure 26).
The Gompertz models for both males and females with a stress marker throughout all
adulthood reached convergence and so these model parameters will be compared. Females
exhibit an increase in the risk of death for adult mortality, but as their age increases, their risk of
death decreases (Tables 39 and 41). This is reflected in the survivorship curves indicating that
after age 40 female survivorship increases (Figure 33). The Gompertz models for both males and
females without a stress marker throughout all adulthood reached also reached convergence.
While females without a stress had a decreased risk of death with age when compared to males,
males exhibit overall lower adult mortality (Tables 40 and 42). This is reflected in the
survivorship curve that indicates male survivorship is higher than that for females (Figure 38).
When survivorship for individuals in their reproductive years is compared, females with a
pre-existing stress marker exhibit an overall decreased risk of death as their age increased (Table
45). For males, the opposite phenomenon occurs (Table 47). The survivorship curves indicate
that males maintain increased survivorship until about age 35 at which point female survivorship
increases (Figure 38). The Gompertz-Makeham analyses for individuals in their reproductive
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years without a stress marker indicate that males overall exhibit decreased mortality compared to
females (Tables 48 and 50). This is reflected in the survivorship curves (Figure 43).

Summary of Results
Overall, the non-parameteric tests (Kaplan-Meier estimates with log-rank tests and Coxproportional hazard analyses) were not statistically significant. However, the survivorship graphs
produced by both the semiparametric Kaplan-Meier estimates and the parametric Gompertz and
Gompertz-Makeham tests suggest age-specific patterns of survivorship for males with or without
specific health conditions.
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CHAPTER 8
DISCUSSION
The focus of this dissertation has been: to evaluate whether the experience of
environmental and social stresses in childhood increases risk of death later in adulthood.
Bioarchaeologists have long analyzed skeletal pathologies and used these pathologies to make
inferences about mortality and health. In the past, bioarchaeologists generally relied on a
biocultural model to understand how an individual’s biological processes may be interrupted,
whereby environmental or even cultural stresses might cause skeletal markers of stress on bone.
Specific skeletal markers were used to infer these stressful experiences. These markers include:
linear enamel hypoplasias, cribra orbitalia, porotic hyperostosis and short stature, among others
(Goodman et al., 1984a; 1988; Armelagos and Van Gerven, 2003; Martin et al., 2002).
Skeletal markers of stress were analyzed to estimate their association with individual risk
of death (Wood et al., 1992a). The Arikara on the Great Plains lived through climatic changes,
such as droughts and floods, smallpox and tuberculosis epidemics as well as warfare with EuroAmericans and other Native American groups (Lehmer, 1971a;b; Owsley and Bass, 1979;
Stockton and Mecko, 1983; Trimble, 1994; Owsley, 1994; Bamforth, 2006). In particular, the
Mobridge and Anton Rygh sites existed at a time period characterized by intermittent warfare as
well as the neo-boreal climatic episode. In addition European artifacts were discovered at the
Mobridge site suggesting that Euro-Americans visited the site (Lehmer, 1917a;b; Lehmer,
1971b; Blakeselee, 1994; Johnson, 1998; Krause, 2001). Similarly, European artifacts were
discovered at the Larson and Leavenworth sites, suggesting that the people there maintained
trading practices with Euro-Americans. In fact, the fur trade had begun in the 17th and 18th
centuries between the Arikara, Euro-Americans and other Native American groups. During the
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late 1700s through the 1800s Euro-American traders were already living among the Arikara
(Wessel, 1976; Rogers, 1990; Fowler, 2003; Smith, 2004; Parks, 2001b). Both the Larson and
Leavenworth sites were attacked and destroyed. Euro-Americans were in part responsible for the
destruction of the Leavenworth site. In addition, the Larson site was affected by a smallpox
epidemic (Lehmer, 1971a; Owsley et al., 1977; Owsley and Bass, 1979; Owsley, 1994; Johnson,
1998; Parks, 2001). Thus, analyses of the Arikara represent an opportunity to assess long-held
assumptions within bioarchaeology, that a stressful environment may induce pathological
changes to the bone (Goodman et al., 1984a; 1988).
In the current project, it was hypothesized that individuals with at least one skeletal stress
marker, would be at a higher risk of death from infectious disease more so than those individuals
without these stress markers (Hypothesis 1). It was further hypothesized that the same stresses
increased risk of death from trauma (Hypothesis 2). Finally, it was hypothesized that these
stresses are more impactful on female survivorship during the reproductive years than males of
the same cohort (Hypothesis 3). The results of each hypothesis will be discussed within the
context that a stressful environment may affect an individual’s biological processes, such that
they cause skeletal markers of stress and affect an individual’s mortality.

Immune Differences Between the Sexes
The results generated by the analyses for Hypotheses 1 and 3 revealed survivorship
differences between the sexes. These differences suggest innate immune differences between the
sexes. The results generated by the analyses for Hypothesis 1 demonstrated that females with a
skeletal stress marker had a biological advantage over those females who lacked a skeletal stress
marker, regardless of infectious disease status. This is particularly true for females with a skeletal
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stress marker but without an infectious disease after age 40. Therefore, if females survived
whatever stress induced at least one skeletal stress marker early in life, they were capable of
living longer than those individuals without a skeletal stress marker. However, males in this
same cohort exhibit an opposite phenomenon. ‘Healthy’ males, those who lacked an infectious
disease or a skeletal stress marker, displayed greater survivorship over males with a skeletal
stress marker. This phenomenon is supported by the outcome that males with both an infectious
disease and a skeletal stress marker maintained decreased survivorship compared to those
without a skeletal stress. Therefore, the presence of a stress marker was detrimental to male
‘health’ but not to female survivorship and longevity. Overall, Hypothesis 1, that adults stressed
in childhood will have an increased risk of death from infectious disease, is supported, but only
for male individuals. The results of the analyses from steps 1 and 2 of Hypothesis 3 further
highlight these results.
Throughout the entire sample , females with a skeletal marker of stress ultimately live
longer than males in the same group (Figures 26 and 33). This is supported by the parameter
estimates from the Gompertz models for males (Table 39) and for females (Table 37) which
indicate that females with a stress have lower mortality with increasing age (β1) with slightly
increased adult mortality (α1). Therefore as these females age their risk of death decreases. The
survivorship curves of the analysis indicate that males who do exhibit a biological stress
maintain increased survivorship until about age 40, when female survivorship surpasses that of
males. Figures 27 and 43 only depict survivorship for those individuals until age 40.These curves
suggest that female survivorship increases when compared to males, at the very end of the age
range cut off, that is age 40. Without the addition of individuals beyond age 40 it is not possible
to determine if these survivorship differences are distorted by only observing part of adulthood.
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That is, it cannot be determined what happens after age 40. However, the survivorship curves in
Figures 26 and 33 indicate that female survivorship continues to increase after age 40, until the
end of the lifespan. If this did not occur, then this would indicate that the differences observed in
Figures 27 and 43 were an artifact of the 40 year cut off and that the survivorship differences
were being distorted. However, these results are not an artifact of the 40 year age cut off, but
rather are genuine with respect to the rest of the sample (Figures 27 and 43).
The assertion that females with a skeletal marker of stress had a biological advantage
over males in the same group is additionally supported by the outcome that males without a
skeletal stress marke display greater survivorship over females in this group (Figures 28 and 38).
The parameter estimates from the Gompertz models estimating survivorship for individuals
without a biological stress additionally support the concepts that females with a skeletal indicator
of stress exhibit a biological advantage when compared to males. The α1 parameter is higher for
females than for males indicating that throughout their lifetime, females without a stress marker
had an increased risk of death (Tables 41 and 43).
The same result was observed for males who lack a skeletal stress. They maintain
increased survivorship over females, until at least the cut off age of 40, when survivorship is the
same for both sexes (Figures 28 and 44). Therefore, the result of the first step of hypothesis 3,
that the survivorship of males and females at ages 35-45 is similar (Figure 25), is not a distortion
of the 40 year cut off in step 2. Furthermore, in all parameter estimates of the GompertzMakeham models, males without a skeletal marker, in their reproductive years have lower
mortality when compared to females in the same group (Tables 48 and 50). These results add
further credence to the notion that females without a skeletal stress marker in their reproductive
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years, maintained increased mortality, and risk of death, when compared to males in the same
group.
These results are particularly revealing because they indicate that stress status does affect
survivorship for females, as hypothesized. The hypothesis that males and females exhibit
differences in mortality is supported by other studies (Boldsen, 1997; 2008; Ortner, 1998;
Wilson, 2010; DeWitte, 2010a; Redfern and DeWitte, 2011; Jatautis et al., 2011; DeWitte, 2012;
Wilson, 2014). Male individuals may be more susceptible to the conditions that caused these
skeletal stress markers. Female individuals may maintain a more resilient immune system such
that even when they experience a stressful incident, they are capable of withstanding that stress
(Ortner, 1998; DeWitte, 2010a; Jatautis et al., 2011; Redfern and DeWitte, 2011). In the present
study, the experience of a stressful incident in childhood may have prepared the female immune
system, such that if they survived this stress they were biologically better prepared to live longer
after age 40. This phenomenon has been observed in other populations.
Redfern and Dewitte (2011) suggest that males were at a higher risk of death in Roman
Dorset, England (1st to 5th centuries AD) due to innate female immune superiority and male
environmental sensitivity.The authors compared survivorship of a late Iron Age population (mid
to late 4th century BC to 1st century AD) and a Romano-British population (1st to 5th centuries
AD). Juveniles and adults of both sexes were included in these samples. Risk of death was
estimated using the Siler and Gompertz-Makeham models. Redfern and DeWitte (2011)
estimated frailty and survivorship using cribra orbitalia, porotic hyperostosis, periosteal lesions,
linear enamel hypoplasias, dental caries, tuberculosis and rickets. Britain was conquered by the
Roman emperor, Claudius, in 43 AD and Dorset was conquered in 43/44AD. Thus, the late Iron
Age groups were not affected by the conquest, whereas the Romano-British population was.
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With this conquest, several changes occurred, including a more varied diet with regards to wild
game and different fish, intensification of agriculture and Roman style settlement patterns.
Individuals with skeletal stress markers were found have an increased risk of death in the
Romano-British sample. However, no sex differences were found in the late Iron Age sample,
but males were at a higher risk of death in the Romano-British sample than were females.
Children were also at an increased risk of death in the Romano-British sample. Since males were
at a higher risk of death after the Roman conquest, the authors question the perceived male
advantages during this time period. The authors ruled out risky behavior and dietary differences
between the sexes, based on previous evidence that suggested violence decreased during this
time period. Thus, the difference between the sexes may be due to underlying biological
differences. It is suggested that innate immune superiority on the part of females better prepared
them for stressful situations during the Roman conquest of this area. Perhaps something similar
can be said for the Arikara.
If Arikara females exhibit a better immune response than males in general, they may have
been better prepared, biologically, to survive stressful incidents. Interestingly, out of 374
individuals, 71 females (18.9%), exhibited a skeletal stress marker and 91 males (24.3%)
exhibited a skeletal stress marker (Table 8). These crude frequencies indicate that more male
individuals in this subsample experienced more skeletal stresses than their female counterparts.
While it is tempting to suggest that this means that males experienced more stresses overall than
females, it is possible that females did experience just as many environmental stresses, but they
simply did not induce a skeletal reaction that was visible on the skeleton (Wood et al., 1992).
However, there is an alternate explanation.
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In a different study, DeWitte (2010a) found that the risk of death was higher for frail
males (i.e. those with a skeletal stress marker) than frail females. She suggests that frail males
were more likely to die from the Black Death than healthy males, more so than when frail
females were compared to healthy females. It is possible that a similar phenomenon has occurred
in this project. Male individuals with a biological stress may have been less likely to survive
when compared to non-frail males, more so than when frail females are compared to healthy
females. However, DeWitte (2010a) also suggests that the Black Death did not select as strongly
against frail females and rather killed more healthy females than healthy males. The results of the
current project also support a similar explanation. It is equally possible that infectious diseases
(that is tuberculosis and treponematosis) were more selective among ‘healthy’ females than frail
females. This same explanation was used to explain why more females exhibited periodontal
disease during the Black Death, in a different study (DeWitte, 2012).
In the current project, as females with a stress marker exhibit increased longevity over
those without a stress (regardless of whether or not they exhibit an infectious disease), these
results more strongly support the theory of female immune strength, especially when compared
to male individuals. Differences in immune strength between the sexes may be due to age-related
changes in the immune system. As is known, the reaction of the immune system to disease or to
stress has an immediate effect on survivorship and therefore longevity. As individuals age the
immune system goes through changes that affect these responses. In older adults one of these
changes is an elevation in pro-inflammatory responses to different insults which may be sexspecific (Franceschi et al., 2000), related to sex hormones (Candore et al., 2010).
Candore and colleagues (2010) suggest that the increase in longevity of females
compared to males across the world highlights this difference between the sexes. Furthermore,
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the fact that this phenomenon is common among nonhuman species also indicates that it is of a
biological basis, rather than a cultural basis. For example, estrogen, a female sex hormone, has
been linked to limiting the inflammatory disease processes, including Alzheimer’s disease,
stroke, Parkinson’s disease, multiple sclerosis and amyotrophic lateral sclerosis. Additionally,
testosterone limits the amount of high-density lipoprotein (HDL) but increases the amount of
low-density lipoproteins (LDL). Ultimately, this means that males are more likely to experience
cardiovascular disease. Estrogen has the opposite effect on these proteins meaning that females
are at a decreased risk for cardiovascular disease compared to males (Candore et al., 2010).
Testotesterone also has an effect on the reproductive success of males by increasing
skeletal muscle growth which thereby improves their attraction to potential mates. However, an
increase in testotestrone also decreases their immune response to various insults, such as
infection, thereby increasing their chances of experiencing a disease and/or health condition
(Muehlenbein and Bribiescas, 2005). Additionally, due to reproductive demands leading to the
overall success of the species, females will maintain greater survivorship and longevity over the
male of the species (Alberts et al., 2014). It is therefore more important for females to ensure an
adequate immune response to increase survival and therefore their reproductive capabilities
(Muehlenbein and Bribiescas, 2005).
The phenomenon that females live longer than males has been documented in several
modern human groups, including a 20th century Russian population and a late 19th century and
20th century Mormon population. Based on data from The Human Mortality Database and the
Russian Fertility and Mortality Database it was found that males exhibit twice the mortality of
females ages 55-69. Among the Mormon population, it was found that even though males were
more physically active than females, females still maintained increased survivorship. Increased
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female longevity has also been documented across other modern groups in France, Sweden, the
Netherlands, England and Wales (Alberts et al., 2014). Alberts and colleagues (2014) suggest
that an increase in female survivorship over males is characteristic of most human groups, even
though males tend to have better health in many groups.
Differences between the sexes in survivorship could also be related to resource
provisioning among the Arikara. Perhaps females exhibit greater immune strength because they
were provided with more, or better quality, foods or other resources which prepared them to
withstand the later effects of stressful experiences. Furthermore, perhaps they were cared for
more or protected more so than were males. From a social and biological standpoint this theory
would make sense since females are ultimately responsible for the survivorship of a population
owing to their role in child rearing. Differential access to resources has been documented in
many historical populations in different geographic locations (Slaus, 2000; DeWitte, 2010a;
Oyamada et al., 2012). In addition, it is also possible that both sexes had the same access to
nutrition thereby allowing the females to better attain their innate immune strength compared to
males (DeWitte, 2010a). Perhaps something similar occurred among the Arikara. Both sexes
may have had adequate and/or equal access to resources, thereby permitting the females to obtain
and benefit from their innate immune strength.
In addition to biological differences in longevity, there are also social risks to longevity.
In a modern context, males are more prone to risky activity, smoking, alcoholism and car
accidents which do affect mortality (Candore et al., 2010). Similarly, different sex roles (that is,
leaving the home territory) or differential access to resources may expose males to more
parasites than females, increasing the chances of infection (Muehlenbein and Bribiescas 2005).
This phenomenon has also been documented among modern hunter-gatherer groups. Hunter-
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gatherer groups may experience climatic instabilities, dangerous foraging activities, disease or
nutritional deficiencies than other human groups (Hill et al., 2007). Among the Hadza of
Tanzania, Hadza females generally outlive the males past the age of 55. Although it is suggested
that because of the male role in foraging, they often fall out of trees and die (Marlowe, 2010).
Among the Hiwi of Venezuela and Colombia, males exhibit increased mortality over females
later in life. Mortality in later adulthood is attributed to disease, including gastrointestinal
conditions. Pregnancy related deaths only occurred 4.4 times for every 1000 women a year (Hill
et al., 2007). This suggests that reproductive responsibilities were not a major factor in female
mortality, unlike that suggested in other studies (Boldsen, 1997; Ortner, 1998). Furthermore,
Hiwi females who survived to reproductive age at 15 years old also lived to reach menopause at
age 45 and these females lived to at least age 70 (Hill et al., 2007). This is remarkably similar to
the Arikara females in the current project who live beyond their reproductive years.

Dangerous Behavior Among the Arikara
The results of Hypotheses 2 and 3 suggest that males and females in this skeletal sample
were differentially affected by trauma depending on their stress status. The survivorship curves
among females without a skeletal trauma indicate that the survivorship for females who lack a
skeletal marker of stress and those who do not, was extremely similar (Figures 21). The same is
true for males without a skeletal trauma. Survivorship was the same regardless of stress status,
until ages 50-70 (Figure 23). For this cohort, survivorship of those males without a stress marker
surpassed those with a skeletal stress.
Females with a trauma and a skeletal stress marker exhibit increased survivorship until
age 40, at which point the survivorship of those lacking a stress is greater (Figure 22). Males
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with a trauma and stress marker display decreased survivorship at age 40, whereas those without
a stress marker lived till about age 75 (Figure 24). These results suggest that, overall; stress
status does affect the mortality of males and females with a skeletal trauma. Overall, hypothesis
2, is supported, for both males and females. However, very few individuals actually exhibited a
skeletal stress marker and a skeletal indicator of trauma. This may account for the statistically
insignificant results (Tables 10 and 12). However, the survivorship curves indicate that
individuals with a stress marker were at a higher risk of trauma. Any innate immune strength that
females have over males does not affect their susceptibility to trauma. They are just as likely to
exhibit trauma as males are, with a biological stress. However, the fact that males who lack a
stress generally exhibit decreased survivorship suggests some type of sex-specific difference. As
noted, males are often involved in risky behavior (Candore et al., 2010; Marlowe, 2010), which
may account for their decreased longevity. This means that there may not be a biological
explanation for their decreased longevity (that is their experience of stressful incidents) but
rather a social explanation (Candore et al., 2010).
The stressful environment experienced by Arikara females affected them differently
when compared to their male counterparts. The Gompertz models represent mortality better than
the Gompertz-Makeham models as indicated by the LRT. However, when focusing just on the
Makeham component (α2) of the Gompertz-Makeham models (Tables 46 and 48) it is possible
that for females with a skeletal stress marker in their reproductive years, may have been at risk of
death from external factors, such as accidents, or traumas. This is indicated by the increased
parameter for females over males. The first hypothesis indicated that females with a stress
marker were not at an increased risk of death from infectious disease (when compared to males)
whereas the results of the second hypothesis suggest that females with a skeletal stress and
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trauma exhibited decreased survivorship. This supports the theoretical concept that mortality is
selective with respect to sex and biological stress markers.
Considering the biocultural stress model discussed in Chapter 1, it is possible that the
Arikara males were not ‘buffered’ or protected (either biologically or culturally) from their
stressful environment (Goodman et al., 1984a; 1988), thereby making them more susceptible to
exhibit these skeletal stress markers. Furthermore, the stressful environment experienced by
Arikara females affected them differently when compared to their male counterparts. They may
have been more susceptible to their reproductive responsibilities than were males (Boldsen,
1997; Ortner, 2003), but only in the context of non-age related risks. Perhaps young females
were engaged in activities that threatened their survival, more so than males.
Arikara females in particular were responsible for horticultural activities including,
planting and harvesting plants, as well as gathering the crops once the growing season was
complete. This cultivation process involved preparing the ground for planting by clearing grass
away and digging into the soil (Parks, 2001). While it is not known at what ages these activities
occurred, engaging in these activities could have exposed the females to different pathogens or
insects than the males were exposed to, who generally engaged in hunting and warfare activities.
Additionally, the females also traded crops, including corn, with Euro-American traders (Parks,
2001). It is possible that this also exposed the females to novel pathogens that they were not
previously exposed to. Interactions between native groups of people and foreign groups of
people has been used to explain a change in the frequency of different diseases or health
conditions among native groups (Wright, 1990; Larsen, 1994; 1998; Larsen et al., 2001; Steyn,
2003; Stojanowski, 2005; Redfern and DeWitte, 2011).
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A similar explanation was used to explain the increase in risk of death of individuals in a
Romano-British population in Dorset, England 4th-1st centuries AD. Population heterogeneity as
a result of new and different people moving into the native population may have resulted in an
‘exchange of pathogens’ between natives and immigrants, leading to an increase in risk of death
among the native group (Redfern and DeWitte, 2011). Something similar may have occurred
among Arikara females in particular, who were engaged in trading activities. It has been
historically documented that several smallpox epidemics occurred on the Great Plains at this
time, possibly due to Euro-American contact (Owsley and Bruweldeheide, 1997). Other novel
conditions may have also been transmitted to the indigenous populations already present on the
Great Plains. For the Arikara females, horticultural and trading activities are activities that could
have increased risk of death from non-age related causes.
Interestingly, Owsley and Bradtmiller (1983) documented high female and infant
mortality among the Leavenworth, Larson, Sully and Mobridge sites and suggest that obstetric
hazards explain a difference in the mortality profile between males and females, such that
females maintained a higher risk of death at 15-19 years of age when compared to males. Owsley
and Bradtmiller (1983) state that ethnographic evidence suggest that Arikara females did not
have difficulties prior to becoming pregnant, but that difficulties after pregnancy (such as
hemorrhage, or hypertension) could have affected their mortality. Of course, this cannot be
documented on skeletal remains. Overall, the authors suggest that an increase in female mortality
may be due to differential access to food, clothing, shelter or epidemic diseases, such as
smallpox. Again, these assertions support the notion that females might have been at greater risk
of death from external factors rather than innate biological factors.
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It is possible that Arikara males with a skeletal stress marker, after age 40, succumbed to
their warfare and/or hunting responsibilities, experienced earlier in life, which is why their
survivorship decreased when compared to females in the same cohort. While it is not clear which
age groups were involved in such activities, in general Arikara males were involved with warfare
activities and old or infirm individuals were not involved in hunting (Parks, 2001). Fewer young
males may not have survived these warfare or hunting expeditions which is why overall
survivorship decreases later in life. If males died earlier in life due to these activities, then they
would be added to the final skeletal sample at a young age rather than at an old age. Therefore
there would be fewer older males in the final skeletal sample.

Hidden Heterogeneity and Sample Representativeness
Skeletal samples do not represent the past population from which they came (Chapter 3).
The final skeletal sample that is excavated and analyzed by the anthropologist does not represent
every single individual who was a member of that population due to a variety of factors. The fact
that some bones may not survive the excavation or preservation processes, or may not be
recovered at all, means that disease frequency will be underrepresented in the final skeletal
sample (Waldron, 1987; 1994; 2007; Milner et al. 2008).
This dissertation combined all archaeological sites into one sample, to provide more
power to the statistical analyses. Therefore, these four sites were treated as a single population. It
must be acknowledged that there are several issues with this method. It is possible that some
individuals were buried away from the site that was later excavated. For example, individuals
could have died while on hunting expeditions and not carried back to the site for burial. Hunting
among the Arikara occurred twice a year (Parks, 2001b) and some individuals could have died
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while on one of these trips and buried away from the site that was eventually excavated.
Similarly, the Arikara only lived in permanent villages in the spring and summer. In the fall and
winter they moved their villages south of the Missouri River (Parks, 2001b). It is possible that
the people who died in either of these locations (or in between during the move) were buried
there, rather than being combined into one final cemetery. Ultimately, this means that all of the
individuals who were part of any one of the archaeological sites were not actually part of the
final skeletal sample. Additionally, when the Larson and/or Leavenworth sites were attacked it is
possible that some individuals attempted to flee the attack and the site. These individuals would
also not be added to the skeletal sample that was ultimately excavated. In the case of
Leavenworth, once the site was destroyed, the survivors were relocated north of their original
site and lived near the Mandan and Hidatsa (Parks, 2001b). Therefore, all of the individuals who
originally lived at Leavenworth were not present when the site was excavated. These individuals
would not have been included in the final skeletal sample. Ultimately this means that the samples
analyzed in this dissertation represent a biased sample of the Arikara. However, this is not
without precedent within the field of bioarchaeology.
The bias of these samples has also been documented on a genetic level. Craniometric
analyses support the theory that gene flow occurred between the Mandan and the Arikara, or
between the Arikara and Euro-Americans, particularly at the later sites of Larson and
Leavenworth (Jantz, 1973; 1977; Owsley et al., 1981; Key, 1983). Therefore, it is possible that
the individuals buried at each site do not represent a true, single Arikara population. This
admixture would ultimately add to the genetic heterogeneity of these individuals.
Due to hidden heterogeneity and its affect on selective mortality every individual reacts
to a disease or stressful incident differently (Wood et al., 1992a; Milner et al. 2008). It is possible
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for an immune response to destroy a pathogen before the skeleton is affected, or conversely, an
individual may succumb to a disease before the skeleton is affected. In both of these situations,
skeletal lesions would not be present (Ortner and Aufderheide, 1991; Wood et al., 1992a; Ortner,
2003; 2009). Ultimately this means that the skeletal sample analyzed by the anthropologist, is
inherently a biased sample of all of the individuals who might have experienced an infectious
disease or health condition (Wood et al., 1992a; Milner et al. 2008). The effects of hidden
heterogeneity and selective mortality means that some of the individuals included in the analyses
of this project may in fact have had an infectious disease or biological stress, but simply did not
exhibit skeletal indicators of these conditions, therefore misrepresenting disease frequency since
they could not be observed on skeletal remains.
In addition to the combined effects of hidden heterogeneity and excavation/preservation
effects on the skeletal elements analyzed, it is also possible that the analytical approach utilized
in this project was not sufficient to capture any survival differences. The diagnostic criteria used
may have been too limited for an individual to be diagnosed with a disease; however, using
criteria that is too broad may also result in the misdiagnosis of a disease. Poor preservation was
also noted among all of the sites analyzed, particularly the destroyed Larson village. In all sites,
several individuals were commingled, or exhibited fragmentation or weathering obscuring
certain skeletal features, including those used in sex or age estimation. Only the point estimate of
age at death (MLE) was plotted on the survivorship curves, due to the statistical requirements of
both the parametric and nonparametric tests. It is possible that the age ranges associated with
these point estimates were particularly broad, meaning that the point estimates are not as
accurate. Furthermore, several age estimates were made using few skeletal indicators, also
causing a less accurate age estimate. Inaccurate age estimates could alter the overall
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interpretations and conclusions of this project. However, removing individuals with particularly
broad age ranges would have severely limited the total sample size.
Due to this poor preservation, several individuals were noted as missing those skeletal
elements necessary for pathological diagnosis. Due to the restrictive diagnostic and pathological
criteria employed in this study several individuals could not be included in the final skeletal
sample. If the diagnostic and pathological criteria were expanded, more individuals could have
been included in the final sample. For example, if sex-specific analyses were not included then
more individuals could have been included in the project. However, doing so would not have
revealed the survivorship differences between the two sexes discussed above. Ultimately the
effects of excavation/preservation limited the final skeletal sample. The final chapter will discuss
avenues for future research.
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CHAPTER 9
CONCLUSION
Bioarchaeologists and paleopathologists are routinely interested in the everyday lives of
past peoples, particularly how their ‘health’ was affected (Chapter 1). Doing so can illuminate
the ways in which the same disease or health condition can affect several individuals differently,
both biologically and culturally, or how different diseases evolved alongside human groups. By
considering a well-known biocultural stress model (Goodman et al 1984a; 1988) with recent
methodological and analytical advancements in the field of bioarchaeology (Wood et al., 1992a;
Boldsen et al., 2002; Konigsberg and Frankenberg, 2013b), this project has sought to understand
how an individual’s social and environmental experiences may affect his or her risk of death.
Specifically, this dissertation has questioned whether, in the historic context of
environmental and social stresses; do these environmental and social stresses (as indicated by
specific skeletal markers that occur during childhood) increase the risk of death from later
infectious disease or warfare related trauma among the Arikara Native Americans of the Great
Plains? No statistically significant results were found, however the Kaplan-Meier survivorship
curves indicated age-related survivorship differences between the sexes and between those
individuals who exhibit or did not exhibit skeletal markers of stress.

Contribution of Current Research to Plains Archaeology
As set out in Chapter 1, this dissertation sought to contribute to current research in the
field of paleopathology and paleodemography concerned with the significance of age- and sexspecific lesion frequencies. Furthermore, this project represents a continuation of
bioarchaeological investigations of the Great Plains that mostly ended in the 1990s.
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Significantly, this project expanded on these analyses by determining the co-occurrence of
infectious disease or trauma with a biological stress for adult individuals.

This project

documented two main conclusions (Chapter 7):

1. Females with a skeletal stress marker exhibit greater survivorship, particularly after age
40. Frail males exhibit a decrease in survivorship. This result indicates that males and
females in this sample display immune differences.
2. Males and females with a skeletal stress marker exhibit decreased survivorship if they
also exhibit a skeletal trauma. Furthermore, females with a stress marker exhibit an
increase in mortality from non-age related risks, such as accidents or traumas, perhaps
due to their role in horticulture or trade. Males may have been susceptible to risks related
to warfare or hunting.

Despite these interesting conclusions, they were not statistically significant. The analytical
methods utilized in this dissertation might have been too restrictive to document any statistical
differences. However, if the diagnostic or demographic methods used to include an individual in
the analyses, were broadened, then different results may be acquired in the future.

Future Research
It would be informative to investigate the theory of innate immune strength on the part of
females. Females with a skeletal stress marker and males without such a marker were found to
exhibit elevated survivorship, in their respective cohorts.

If the survivorship of these two

subgroups were compared to one another then a variable pattern of survivorship may become
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apparent. This test would in essence consist of a comparison between two subgroups purported
to each demonstrate inherent biological strength. Alternatively, this theory could be tested by
comparing the survivorship of females without skeletal stresses or infectious disease to the
survivorship of males without skeletal stresses or infectious disease. Thus, the only variable
being tested would be sex among ‘healthy’ individuals and so any differences in survivorship
between the sexes might be related to their innate immune strength. By removing the variables
related to disease or skeletal stresses, any innate immune superiority on the part of females, can
become apparent.
The other main conclusion of this dissertation is that males and females with a skeletal
stress marker exhibit decreased survivorship if they also exhibit a skeletal trauma. In this case,
neither sex exhibited an innate biological advantage. Rather this outcome may be related to
certain social activities, something that cannot be tested in skeletal material (Wood et al., 1992a).
However, it may still be informative to compare the survivorship of males and females with a
stress and trauma. Doing so would indicate whether there are in fact survivorship differences
between the sexes in the ways in which they were affected by trauma and stress.
Chapter 3 traced the history of paleodemographic estimates and demonstrated how in the
last five years anthropologists have modified the ways in which ‘health’ is measured in
archaeological skeletal samples, since the publication of the Osteological Paradox in 1992.
DeWitte (2014a;b) suggests that ‘health’ may be better measured and quantified in terms of
longevity, or how long an individual lived for. This concept could be applied to the current
project, particularly among subgroups that were found to live longer than others in the current
sample. Similarly, ‘health’ can be quantified based on degree of healing of skeletal lesions of
stress (Pinhasi et al., 2013; Dewitte, 2014c). The degree of healing of porotic hyperostosis and
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cribra orbitalia was also recorded during data collection and so it may be informative to compare
the survivorship of individuals with healed, active or no lesions. This would in part answer the
theoretical assertions of Wood and colleagues (1992a).
The average ages at death of individuals with or without skeletal stresses, infectious
disease and/or trauma could also be compared. Steadman and colleagues (2009) and Boldsen and
colleagues (2015) utilized a similar approach when investigating risk of death from skeletal
trauma. In both studies, the authors found that the average age at death of those individuals with
trauma was lower than those without trauma. Comparing the average ages at death of individuals
with traumas may reveal longevity differences that may better quantify ‘health’.
Similarly, it may be informative to compare stress marker frequencies. The average ages
at death of those individuals without skeletal markers could be compared to the average ages at
death of those individuals with one or multiple skeletal markers. This may indicate the effects of
more than one skeletal stress marker on longevity, rather than simply quantifying the effect of
one skeletal marker on survivorship, as was conducted in this project. Doing so, would
incorporate the suggestions of Goodman and colleagues (1984a;b) and Steckel and colleagues
(2005) to consider multiple indicators of stress when analyzing survivorship and health. This
approach was utilized in a similar project among a different skeletal sample (Minsky-Rowland,
2015) that did in fact document a lower average age at death for individuals with multiple
biological stresses, where previously no risk of death from infectious disease, given the presence
of a skeletal stress marker, was documented (Minsky-Rowland, 2011).
In the current project, to be included in the analyses an individual had to consist of the
requisite skeletal elements to be examined for at least one skeletal stress marker (Chapter 6). In
this way, all skeletal stress markers were pooled. However, it is may be informative to compare
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the risk of death of specific skeletal markers or multiple skeletal markers. For instance, is an
individual with more than one skeletal marker at a higher risk of death than an individual with
only one skeletal marker? Or is an individual with a specific skeletal marker, for example, linear
enamel hypoplasias at a higher risk of death than an individual with short stature? Conducting
such an analysis could indicate that some skeletal stress markers have more of an effect on risk
of death than others. Similar methods have been employed by other researchers (DeWitte and
Wood, 2008; DeWitte 2010a; DeWitte and Hughes-Morrey, 2012) and may provide an even
more distinct understanding of the past health experiences of the Arikara. Finally, risk of death
from a specific infectious disease among those individuals without a skeletal stress marker, could
also be estimated. Such an analysis would indicate it treponematosis or tuberculosis has a greater
affect on risk of death among individuals who did not experience a childhood stress.

Concluding Remarks
As demonstrated in Chapters 1 and 3, the field of bioarchaeology is constantly and
consistently expanding its methods of data collection and data analysis. The next decade of
bioarchaeological and paleopathological research will undoubtedly provide researchers with
even more innovative methodologies. Incorporating novel methodologies and concepts from
other fields of research such as epidemiology, demography and medicine will further permit the
field of biological anthropology to better understand the lives past peoples, both culturally and
biologically.
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APPENDIX: Demographic and pathological criteria documented for each site. 1 indicates the presence of a condition and 0 indicates
that absence of a condition. Blank cells indicate that no data could be recorded. For sex 1 is male, 0 is female.

Site

Burial

Feature

Sex Age Age
Interval

Larson

79

201

0

68

45.5-85

0

1

0

0

0

Larson

69b

201

1

26

26-43.5

0

0

0

0

0

Larson

130b

201

1

28

16.8-40.7

0

0

0

0

Larson

43a

201

1

46

31.5-77.3

0

1

0

0

0

Larson

71E

201

1

36

28.7-47.1

0

1

0

0

0

Larson

84I

201

1

70

15.6-90.3

0

0

Larson

2D

201

1

31

30.7-88.8

0

0

0

0

Larson

19D

201

0

20

15.4-23.6

1

0

0

0

0

Larson

113D

201

0

33

25.3-45.4

0

0

0

0

0

0

Larson

129A

201

1

34

25.2-50.6

0

0

0

0

0

Larson

13A

201

0

39

28.1-55.7

0

1

0

0

Larson

55F

201

0

26

16.4-38.1

0

1

0

0

0

Larson

54B

201

1

22

18.1-26.1

0

1

0

0

0

Larson

38C

201

0

36

27.3-50.4

0

0

0
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LEH PH/CO Stature Trep TB Trauma

1

0

0

Site

Burial

Feature

Sex Age Age
Interval

Larson

7

301

1

35

26.5-48.6

Larson

145D

201

1

31

24.8-41.7

Larson

85

201

1

34

Larson

64A

201

0

Larson

128

201

Larson

9A

Larson

LEH PH/CO Stature Trep TB Trauma
1

0

0

0

0

1

0

0

Scalping

26.9-43.7

0

1

0

0

Cranial BFT

41

30.1-55.8

0

0

0

0

0

1

39

30.1-54.9

0

0

0

0

201

0

28

22.1-36.5

0

0

0

0

59

201

0

35

25.9-51.6

0

0

0

Larson

121

201

0

21

17-26.2

0

0

0

Larson

54A

201

1

25

20.2-31.7

0

0

0

Larson

19A

201

1

33

25.4-43.8

0

0

0

Larson

36

201

0

33

25.8-44

Larson

124G

201

1

37

28.5-52.5

Larson

84C

201

0

62

33.3-84.8

Larson

142

201

0

23

18.5-28.6

1

0

Larson

95

201

0

31

24.2-40.5

0

Larson

101B

201

0

33

24.6-47.6

Larson

64B

201

1

40

31.2-58.4

1

0
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0

0
0

0

1

0
0

1

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Site

Burial

Feature

Sex Age Age
Interval

LEH PH/CO Stature Trep TB Trauma

Larson

29C

101

1

77

50.6-91.4

0

0

0

1

0

0

Larson

137c

201

0

34

25.3-47

0

0

0

0

0

0

Larson

47F

201

0

15

15-35.3

0

0

0

0

0

0

Larson

56E

201

1

31

24.8-40.1

0

1

0

0

0

Larson

34B

101

0

30

23.6-39.1

0

0

0

0

0

Larson

9B

101

1

51

33.6-77.8

0

1

0

0

0

Larson

33E

101

1

25

24.5-39.7

Larson

12B

101

1

36

28.2-47.8

0

1

0

0

0

Larson

3A

201

0

52

34.5-75.6

0

1

1

0

Cranial BFT and
projectile point in
left humerus

Larson

7B

201

1

34

26.9-45.3

0

0

0

0

0

Larson

10D

101

0

37

27-54.5

0

0

0

0

0

Larson

33

201

0

42

29.3-61.8

0

1

0

0

0

Larson

13B

201

1

25

20.8-31

1

0

0

Cranial BFT

Larson

27C

101

1

38

28.6-53.9

1

0

0

0

0

Larson

56D

201

1

32

25.6-44.7

1

0

0

0

Larson

40B

101

1

38

28.3-53

0

0

0

0

0

0

0

284

0

0

1

0

0

Site

Burial

Feature

Sex Age Age
Interval

LEH PH/CO Stature Trep TB Trauma

Larson

32D

101

0

15

15-32.1

0

0

Larson

32B

101

0

47

30.8-72

0

0

Larson

3F

201

0

37

26.6-55.8

Larson

26C

201

0

38

26.7-56.4

Larson

38D

201

0

50

32.2-76.1

0

Larson

26B

201

0

32

22.1-50.3

0

Larson

33B

101

0

40

27.2-65

Larson

3

101

1

25

21.1-30.3

Larson

8C

201

1

36

27.1-50.9

Larson

71b

201

1

20

19.5-24.1

1

Larson

86

201

1

32

25.5-41.1

Larson

113B

201

1

35

27.3-47.1

Larson

76B

201

0

28

22-35.6

Larson

75A

201

1

36

27.7-49.1

0

0

Larson

54A

301

1

36

27.7-50.2

0

0

Larson

27D

301

1

33

26.2-41.9

1

0

0

0

0

0

Larson

2F

301

1

22

17.8-27.8

0

0

1

0

0

0

0

0
0

0

0

0

0

0

0

0

0

0

0

1

0

0

0
1

0
1
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0

1

0

SFT to ribs

1

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

1

0

0

0

0

Site

Burial

Feature

Sex Age Age
Interval

Larson

94B

201

1

22

22.1-71.4

Larson

83

201

1

46

29.8-78.6

0

Larson

148G

201

1

44

31.2-67.5

0

Larson

124B

201

1

24

17.5-33.7

Larson

127B

201

1

33

26.3-43.3

Larson

148H

201

0

36

35.8-85.1

Larson

135

201

0

23

18.4-28

0

0

Larson

19D

301

1

31

25.3-39

0

0

Larson

49A

301

0

22

18.3-27.6

0

1

Larson

33C

301

1

21

16.8-25.8

1

Larson

47

301

0

23

17.6-30.2

Larson

36B

301

1

19

18.6-23.2

Larson

111C

201

1

18

18.4-23

Larson

21

301

1

23

18.5-29.7

Larson

25

301

0

20

15.3-24.7

Larson

38A

301

1

35

27.8-46.9

Larson

141B

201

0

15

15-31.9

LEH PH/CO Stature Trep TB Trauma

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0
1

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

1

0

1

0

1

1

0

0

0

0

0

0

0

0

1

0
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0

1

0

0

0

0

0

1

0

0

0

0

0

1

1

0

Site

Burial

Feature

Sex Age Age
Interval

Larson

97G

201

1

34

26.1-47.7

0

1

0

0

0

Larson

129B

201

0

28

22.2-34.9

0

0

0

0

0

Larson

68A

201

1

36

28.3-48.7

0

0

0

0

Cranial BFT

Larson

130C

201

0

42

30-61.8

0

0

0

0

0

Larson

117

201

0

29

21.9-39.2

0

1

0

0

0

Larson

41A

301

0

17

17-21.8

0

0

0

0

0

Larson

3E

201

1

33

23-50.6

0

1

0

0

0

Larson

3H

301

1

35

27.7-44.7

1

0

0

0

0

Larson

8D

201

1

36

20.4-83.5

0

0

0

0

0

Larson

97D

201

0

44

29.8-67.1

0

0

0

0

0

Larson

63B

201

1

35

27.3-45.8

0

0

0

0

0

Larson

35C

201

0

20

15.7-25

0

0

0

0

0

Larson

42

301

1

36

28.3-47.9

0

0

0

0

0

Larson

50G

301

1

28

22.6-34.3

0

0

0

0

0

Larson

32B

201

1

33

26.3-43.9

0

0

0

0

0

0

Larson

66

201

1

54

35.8-77

1

0

0

1

0

0

Larson

122B

201

0

24

23.7-35.5

0

0

0

0

0

LEH PH/CO Stature Trep TB Trauma

0

0
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1

0

1

Site

Burial

Feature

Sex Age Age
Interval

LEH PH/CO Stature Trep TB Trauma

Larson

14D

201

0

29

16.7-46.2

0

0

0

0

0

0

Larson

120B

201

0

15

15-21.1

0

0

0

0

0

Cranial BFT

Larson

6A

201

1

32

25.3-41.1

0

1

0

0

0

Larson

12D

201

1

52

34.3-79.7

0

1

0

Larson

10C

101

0

29

22.7-38.4

0

0

0

0

0

0

Larson

6B

201

0

28

21.7-36.9

0

0

1

1

0

0

Larson

114B

201

0

20

19.9-24.8

0

0

1

0

0

0

Larson

32C

201

1

33

26.2-42.1

0

0

0

0

0

Larson

94

201

1

28

22.8-34.6

0

0

0

0

0

Larson

124C

201

0

27

20.2-36.6

1

0

1

0

0

0

Larson

133C

201

0

22

22.4-33.9

0

0

0

0

1

0

Larson

1

Lodge 21,
F1

1

27

22.1-33.7

1

0

1

0

0

0

Larson

1

XU2, F1

0

64

41.5-83.5

0

0

0

0

0

Scapula BFT

Larson

cat.
Number :
934

Lodge 21,
SQB5

0

20

19.8-41.6

0

0

0

1

0

0

Larson

cat 931

Lodge 21,
1
SQB4,SQB5

74

30.3-90.9

0

SFT to T12
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0

0

Site

Burial

Feature

Sex Age Age
Interval

Larson

1

Lodge 23

0

34

25.3-48.3

1

0

Larson

cat 1063

Lodge 21,
SQG5

1

33

25.3-47.1

0

0

Larson

cat 983
(written
on bones)

Lodge 21,
SQD5
(written on
bone)

0

15

15-45.4

1

0

0

0

Larson

cat 960
(written
on bones)

Lodge 21,
SQC6,

1

15

15-38.1

0

0

0

0

Larson

cat 938
(written
on bones)

Lodge 21,
SQB2;
skull21

0

15

15-46.3

0

0

0

Scalping

Larson

cat 922

Lodge 21,
SQA4

0

32

24.4-43.6

1

0

1

0

0

0

Larson

1 (cat
6406)

XU3A

0

37

28-51.8

0

0

1

0

0

Dismemberment

Larson

cat 981 (in
box with
987, 992)

Lodge 21,
SQD5 and
SQD6

1

15

15-29.8

0

1

0

Larson

cat 990

Lodge 21,
SQD6

1

49

33.3-74.6

0

0

0

0

Larson

5 (cat 270) Lodge 1

1

33

25.9-42.1

0

0

0

0
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LEH PH/CO Stature Trep TB Trauma
0

0

Scalping

Site

Burial

Feature

Sex Age Age
Interval

LEH PH/CO Stature Trep TB Trauma

Larson

cat 943

Lodge 21,
SQC2

0

15

15-20.4

0

Larson

cat 975,
979

Lodge 21,
SQD4,
SQD5

1

31

25.6-39.2

Larson

cat 985,
986, 984

Lodge 21,
SQD5

1

15

15-20.4

Larson

cat 1007,
1008,
1026,
1011

Lodge 21,
SQF4,
SQF5,
SQF6

1

15

15-37.3

Larson

cat 4084

village

0

15

15-33.3

Larson

cat 1004
(bones say
949

Village

0

15

15-33.2

Larson

cat
973,974

Lodge 21,
SQD4

0

27

Larson

cat
973,974

Lodge 21,
SQD5

1

Larson

4

cat 924,
925, 930.
Lodge 21,
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0

78

59.5-91.1

Mobridge

29D

101

0

30

22.5-41.1

Mobridge

11

301

1

76

26.2-91.9

Mobridge

4A

301

0

15

15-25.8

Mobridge

4D

301

1

24

Mobridge

2C

303

1

Mobridge

6

302

1

LEH PH/CO Stature Trep TB Trauma

0

0

1
1

0

0

0

Scalping

1

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

1

0

0

0

0

0

0

Scalping and
cranial BFT

0

0

0

0

1

0

0

23.8-40.1

0

0

0

26

21.3-32.4

0

0

15

15-25

0

0

1

302

1

0

0
0

0

0
0

Site

Burial

Feature

Sex Age Age
Interval

LEH PH/CO Stature Trep TB Trauma

Mobridge

26C

201

0

31

15.3-54.8

0

Mobridge

7

201

0

52

25.1-84.1

Mobridge

1AorC

201

0

15

Mobridge

16D

201

0

Mobridge

1E

201

Mobridge

1G

Mobridge

0

0

0

0

0

15-30

0

0

0

71

16.3-90.5

0

0

0

0

15

15-32.3

1

0

201

0

35

34.9-77.9

0

0

1H

201

1

24

23.5-73

0

0

Mobridge

1

201

1

75

74.6-91.3

Mobridge

10B

201

0

15

15-30.9

1

0

Mobridge

27F

101

1

21

16.5-25.9

0

1

Mobridge

26H

201

1

59

35-82.7

Mobridge

6

301

1

50

33.3-76.5

Mobridge

B1I

201

1

19

19.3-42.6

0

Mobridge

19F

101

1

28

23-35

0

Mobridge

9E

101

0

20

19.8-41.6

Rygh

cat 4865

1

32

24.6-42.8

Rygh

cat 4860A

0

21

16.9-26.3

303

0

1

1

0

1

0

0

0

0

0

0

1

0

1

0

0

0

0

1

1

0

0

Scalping
0

0

0

0

Facial SFT

0

0

0
0

0

0

0

0

0
0

0

Cranial BFT

Site

Burial

Feature

Sex Age Age
Interval

Rygh

1

2 (cat 4904)

0

35

26.1-49.4

0

Rygh

4859,
4864A

0

74

29.2-91.1

0

0

Rygh

cat 4923

0

31

23.9-42.7

0

0

0

Cranial BFT

Rygh

cat 4973

0

37

27-53.4

0

0

0

0

Rygh

salvage 5

box 438

1

23

22.6-33.7

0

0

0

0

Rygh

salvage 4

box 438

1

15

15-27

0

1

0

0

Rygh

salvage3

box 438

1

37

19.3-85.7

0

0

0

0

Rygh

salvage 2

box 438

1

35

18.3-82

0

0

0

0

Rygh

Box 446

1

20

19.7-24.4

0

0

Rygh

Donatedbox 447

XX

0

16

16.2-52.8

0

1

0

Rygh

Donatedbox 447

salvage 1

1

19

18.7-37

0

0

0

Rygh

H

1

26

26.4-43.2

1

0

0

Rygh

13

101

0

28

22.2-37.2

0

1

0

Rygh

15

101

0

37

26.6-53.3

0

0

0

Rygh

2

301

0

34

24.9-50.4

0

1

0
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1

1

1

0

0

0

0

0
Cranial BFT

0

Scalping
0

0

0

Site

Burial

Feature

Sex Age Age
Interval

Rygh

salvage

box 449

0

38

26.4-59.7

0

0

0

Rygh

F and G

box 457

1

70

35.3-88

0

0

0

Rygh

6A

101

1

35

27.7-46.7

0

0

0

0

Rygh

9

101

1

36

27.4-50.3

1

0

0

0

Rygh

16

101

1

15

15-27.2

0

0

Rygh

4

301

0

35

26.3-51.2

0

0

0

0

Rygh

5

301

1

33

26-43.8

0

0

0

0

Rygh

salvage
area B

box 461

1

15

15-27.2

1

0

0

Rygh

12

101

1

28

23.8-33.9

1

0

Dismemberment
and scalping

Rygh

2

201

1

31

17.1-59.5

0

0

0

Rygh

6B

301

1

15

15-23.2

0

0

Rygh

7

301

1

15

15-23.6

LEH PH/CO Stature Trep TB Trauma

0

0

0

0
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